Graduate Theses, Dissertations, and Problem Reports
2018

The integration of extrinsic and intrinsic neuromodulators in the
olfactory system
Kristyn M. Lizbinski
West Virginia University, kmlizbinski@mix.wvu.edu

Follow this and additional works at: https://researchrepository.wvu.edu/etd
Part of the Systems Neuroscience Commons

Recommended Citation
Lizbinski, Kristyn M., "The integration of extrinsic and intrinsic neuromodulators in the olfactory system"
(2018). Graduate Theses, Dissertations, and Problem Reports. 3753.
https://researchrepository.wvu.edu/etd/3753

This Dissertation is protected by copyright and/or related rights. It has been brought to you by the The Research
Repository @ WVU with permission from the rights-holder(s). You are free to use this Dissertation in any way that is
permitted by the copyright and related rights legislation that applies to your use. For other uses you must obtain
permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license
in the record and/ or on the work itself. This Dissertation has been accepted for inclusion in WVU Graduate Theses,
Dissertations, and Problem Reports collection by an authorized administrator of The Research Repository @ WVU.
For more information, please contact researchrepository@mail.wvu.edu.

The integration of extrinsic and intrinsic neuromodulators in the olfactory system

Kristyn M Lizbinski
Dissertation submitted to the Eberly College of Arts and Sciences
at West Virginia University
in partial fulfillment of the requirements
for the degree of

Doctor of Philosophy
in
Biology

Andrew M Dacks, Ph.D., Committee Chairperson
Kevin C Daly, Ph.D.
Gary Marsat, Ph.D.
Sarah M Farris, Ph.D.
Sergiy Yakovenko, Ph.D.
Department of Biology
Morgantown, West Virginia
November 2018
Keywords: neuromodulation, olfaction, serotonin, dopamine, GABA, neuropeptides
Copyright 2018 Lizbinski

Abstract
The integration of extrinsic and intrinsic neuromodulators in the olfactory system
Kristyn M Lizbinski

Neuromodulation is a ubiquitous feature of neural systems, allowing flexible, context specific
control over network dynamics by adjusting the biophysical and synaptic properties of neurons.
Neuromodulation was first described in invertebrate motor systems and early work established a
basic dichotomy for neuromodulation as having either an intrinsic origin (i.e. neurons that
participate in network coding) or an extrinsic origin (i.e. neurons from independent networks).
Although this dichotomy has been thoroughly considered in motor systems, it has received far
less attention in sensory systems. Furthermore, nervous systems are continually subject to a
dynamic cocktail of both intrinsic and extrinsic modulators. However, the mechanisms by which
single neurons integrate the influence of multiple modulators to alter network function are
relatively unexplored. In this dissertation, I discuss the mechanisms by which intrinsic and
extrinsic modulators are integrated by single neurons as well as network wide within the context
of olfactory processing in the moth Manduca sexta. I begin by discussing the anatomical basis
for the integration of two extrinsic modulators, serotonin and dopamine, on principal olfactory
neurons. I then discuss the cell-class specific physiological effects of serotonin and dopamine
and their distinct effects on olfactory processing. Finally, I discuss the organizing principles and
heterogeneity of a diverse group of intrinsic modulatory local interneurons and their potential
role in modulating olfactory network dynamics. The heterogeneous nature of neuromodulation is
a recurring theme throughout this dissertation as the effects of both intrinsic and extrinsic
modulation are generally non-uniform.
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CHAPTER 1
Introduction
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(portions of this chapter are taken from my publication “Lizbinski, K. M., & Dacks, A. M. (2018).
Intrinsic and extrinsic neuromodulation of olfactory processing. Frontiers in cellular
neuroscience, 11, 424.)
Introduction:
Neuromodulation adjusts the biophysical and synaptic properties of neurons, allowing fine
control over neural network dynamics (Kupfermann, 1979; Kaczmarek and Levitan, 1987; Katz,
1999). Foundational work from invertebrate motor systems (Harris-Warrick and Marder, 1991;
Katz, 1995; Katz and Frost 1995, 1996) identified two major categories of neuromodulation that
modify network processing under different circumstances; intrinsic neuromodulation vs. extrinsic
neuromodulation. Intrinsic neuromodulation is exerted by neurons that are within a neural network
and participate in information processing undertaken by that network. The amount of intrinsic
neuromodulation depends on past or ongoing network activity and provides a “history” of the
network state. Extrinsic neuromodulation is exerted by neurons that originate in independent
networks, such as centrifugal neurons or humoral factors, and therefore provide information based
on the activity of other neural networks. The amount of extrinsic neuromodulation therefore
depends on the activity of other networks, rather than the network that is being modulated. Thus,
extrinsic neuromodulation provides a context about the broader state of the animal. The buccal
ganglion of the sea slug Aplysia californica, which coordinates motor output to control biting
movements, illustrates the influence of both intrinsic and extrinsic modulation within a single
network (Morgan et al., 2000). The cerebral interneuron “CBI-2” initiates and directly participates
in biting motor programs, making it an intrinsic element of the feeding central pattern generator
(CPG). With each motor program, CBI-2 improves bite articulation via several neuromodulators
(Morgan et al., 2000; Koh and Weiss, 2005, 2007; Friedman and Weiss, 2010; Dacks et al., 2012a).
Biting motor programs can also be modulated based on prior exposure to food (Kupfermann, 1974)
via the serotonergic metacerebral cells (MCC) which are external to the feeding CPG. The MCCs
do not initiate biting motor programs, yet their activity decreases latency of motor program
initiation (Kupfermann, 1979; Kupfermann and Weiss, 1982; Morgan et al., 2000) and lesioning
the MCCs reduces the frequency of biting (Rosen et al., 1989). Finally, the MCCs (the extrinsic
modulators) shorten feeding motor program latency by increasing CBI-2 (the intrinsic modulator)
quantal content (Proekt and Weiss, 2003). This “metamodulation”, i.e. modulation of
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neuromodulation, demonstrates how extrinsic modulators can target intrinsic modulatory
components to exert contextual control over network activity (Katz, 1999).
While this conceptual dichotomy (intrinsic vs. extrinsic neuromodulation) has been
extensively explored in motor systems, it has received less attention in sensory systems and the
mechanisms by which single neurons integrate multiple modulators are underexplored. In this
dissertation, I take advantage of the depth of groundwork on individual neuromodulators in insect
nervous systems to determine the mechanisms by which intrinsic and extrinsic modulators are
integrated within the first processing stage of the olfactory system of the hawkmoth, Manduca
sexta. The insect antennal lobe (AL), analogous to the vertebrate olfactory bulb, is an excellent
system in which to approach this problem due to the wealth of information on olfactory system
neuron types, their physiology, morphology and transmitter content combined with the brain’s
relative numerical simplicity. I begin by discussing the anatomy of the olfactory system, and
outlining the known mechanisms of two extrinsic modulators, serotonin and dopamine. I then
discuss the contribution of local interneurons to intrinsic modulation of olfactory processing,
specifically presynaptic gain control. The heterogeneous nature of neuromodulation is a recurring
theme throughout this dissertation as the effects of both intrinsic and extrinsic modulation are
generally non-uniform.
Anatomy of the olfactory system and sources of neuromodulation
In the insect antennal lobe (AL), odorants bind to chemosensory proteins expressed by input
neurons called olfactory receptor neurons (ORNs) (Figure 1). Individual ORNs typically express
a single chemosensory receptor protein (Vosshall et al., 1999; Vosshall, 2000; Goldman et al.,
2005; Joseph and Carlson, 2015) and all ORNs that express the same chemosensory receptor
protein project into the same sub-structure in the AL called a glomerulus. Within a glomerulus,
ORNs synapse upon output neurons called projection neurons (PNs). PNs then send olfactory
information to higher order brain centers like the mushroom bodies (involved in learning/memory;
reviewed in (Zars, 2000; Owald and Waddell, 2015) and the lateral horn (involved in odor valence;
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Gupta and Stopfer, 2011; Sachse and Beshel, 2016; Schultzhaus et al., 2017). Finally, a diverse
population of local interneurons (LNs) (Seki and Kanzaki, 2008; Chou et al., 2010; Seki et al.,
2010; Reisenman et al., 2011) refines the input/output relationship of ORNs and PNs. All three
principal neuron types, ORNs, LNs, and
PNs, are subject to both intrinsic and
extrinsic sources of neuromodulation. LNs
release GABA, dopamine (in some insects,
DA) and a suite of neuropeptides (Homberg
et al., 1990; Kirchhof et al., 1999; Berg et
al., 2007; Utz et al., 2008; Carlsson et al.,
2010; Chou et al., 2010; Siju et al., 2014;
Fusca et al., 2015; Hamanaka et al., 2016;
Tedjakumala et al., 2017), while the AL is
innervated by centrifugal neurons releasing
serotonin (5-HT), DA and octopamine
(OCT) which act as extrinsic modulators
(Kent et al., 1987; Rehder et al., 1987;
Salecker and Distler, 1990; Ignell, 2001;
Dacks et al., 2005, 2006, 2012a; Sinakevitch
et al., 2005; Sinakevitch and Strausfeld,
2006).
Extrinsic Modulation of Olfactory Processing
Animals must constantly adjust their sensory processing to meet the ongoing demands of
a dynamic internal and external environment. Both insects and vertebrates heavily rely on their
sense of smell to find mates, acquire food and avoid harmful threats in their environment.
However, the relative importance of any given odor varies with current physiological demands.
Extrinsic modulatory neurons from other networks can therefore adjust activity within the AL to
provide the context of current internal demands of the individual animal. The olfactory system is
subject to a number of extrinsic sources of neuromodulation including 5-HT, DA (in some insects),
OA that have been associated with broad physiological states like waking state, aversion, attention
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and learning/memory (McLean and Shipley, 1987; Mandairon et al., 2006; Matsutani and
Yamamoto, 2008; Fletcher and Chen, 2010; Wasserman et al., 2013; but see Linster and Cleland,
2016). Here, I focus on the known mechanisms and effects of 5-HT and DA on olfactory coding
as the AL receives 5-HT innervation from extrinsic sources and DA alters olfactory processing via
both intrinsic (in some insect ALs) and extrinsic modulation.

Cell class specific effects of serotonergic modulation
In the AL and OB, neuronal class specific 5-HT receptor expression results in relatively
heterogeneous effects of 5-HT, even within the same neuronal class. Each AL across a wide range
of insects typically receives input from 1-2 serotonergic neurons (Kent et al., 1987; Salecker and
Distler, 1990; Wegerhoff, 1999; Ignell, 2001; Dacks et al., 2006; Roy et al., 2007) that widely
innervate all glomeruli. However, despite the ubiquity of 5-HT in the olfactory systems across
insects, the consequences of serotonergic modulation of olfaction have been remarkably uneven
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across model systems and behavioral tasks. In moths, 5-HT enhances behavioral attraction to sex
pheromone (Linn and Roelofs, 1986; Gatellier et al., 2004; Kloppenburg and Mercer, 2008),
suggesting that 5-HT upregulates olfactory sensitivity. However, studies directly manipulating
serotonergic neurons or serotonergic signaling in the olfactory system indicate that the role of 5HT is more complex. For instance, conditionally eliminating tryptophan hydroxylase 2 expression
in the raphe of mice, and therefore 5-HT synthesis after olfactory development, had no effect on
performance in several general olfactory behavioral assays (Carlson et al., 2016). In Drosophila,
suppressing the activity of the serotonergic neurons in the AL (the “CSDns”) increases CO2
avoidance, while blocking synaptic transmission decreases sensitivity to the pheromone cVA
(Singh et al., 2013), suggesting that the effects of 5-HT can be odor dependent. Furthermore, the
CSDns modulate ethanol attraction in concert with other serotonergic neurons that do not innervate
the AL (Xu et al., 2016).
Similar to behavioral studies, the physiological effects of 5-HT within the olfactory system
are also heterogeneous. In moths, bath applied 5-HT reduces two K+ conductances (Mercer et al.,
1995, 1996; Kloppenburg et al., 1999), enhancing PN and LN excitability resulting in increased
odor evoked activity (Kloppenburg et al., 1999; Dacks et al., 2008). However, this only occurs for
roughly half of the neurons recorded in these studies, and in some instances 5-HT decreases odor
evoked responses in an odor-dependent manner (Kloppenburg et al., 1999; Dacks et al., 2008). In
Drosophila, bath application of 5-HT enhances PN odor-evoked responses and sensitivity (Dacks
et al., 2009; Zhang and Gaudry, 2016). However, endogenous release of 5-HT from the CSDns
reduces PN odor-evoked responses in the AL (Zhang and Gaudry, 2016). Surprisingly, the sole
source of serotonergic innervation to the AL (the CSDns) do not affect PN responses to cVA, yet
other serotonergic neurons outside the AL do affect cVA responses (Zhang and Gaudry, 2016).
These results suggest that the AL can be modulated by both synaptic and non-synaptic sources of
5-HT, perhaps via the hemolymph, in an odor-dependent manner.
The heterogeneous effects of 5-HT in the olfactory system likely arise due to cell-type
specific 5-HT receptor expression (Tierney 2018) and the heterogeneity of serotonergic neurons
innervating the AL and olfactory bulb (Ren et al., 2018). All five insect 5-HT receptors are
expressed in the ALs of Drosophila (Sizemore and Dacks, 2016) and Manduca (Dacks et al.,
2013). In Drosophila, each neuronal class expresses a different combination of 5-HT receptors.
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However, any given receptor is only expressed by a subset of neurons within that class (Sizemore
and Dacks, 2016) which likely contributes to the non-uniform effects of 5-HT. Consequently,
complex receptor expression patterns likely play a major role in the observed heterogeneity in the
effects of 5-HT. Heterogeneity of serotonergic neurons also likely contribute to the non-uniform
effects of 5-HT in the olfactory system. Serotonergic neurons innervate different functional zones
within the olfactory system of vertebrates (Won et al., 1998; Gómez et al., 2005; Steinfeld et al.,
2015) and even different functional zones within glomeruli in Manduca (Sun et al., 1993; Lizbinski
et al., 2016). Glomerular specific differences in serotonergic innervation have also been observed
in the OB (Gómez et al., 2005), and the processes of the CSDns in Drosophila (Singh et al., 2013).
Furthermore, the distribution of CSDn active zones vary widely across glomeruli, yet are highly
stereotyped across individual animals (Coates et al., 2017). Thus, even within a single identified
modulatory neuron, specific traits can be heterogeneous across compartments. In addition, the
CSDns receive network wide inhibition from LNs and glomerulus-specific excitation from OSNs
and PNs, indicating that 5-HT modulation cannot be considered purely “Top-Down” (Coates et
al., 2017). Since the CSDns receive input based on AL network dynamics as well as from other
networks, they can be considered partially intrinsic to the AL. Finally, the circumstances in which
5-HT is released are surprisingly varied (Andrade and Haj-Dahmane, 2013; Dayan and Huys,
2015). The levels of 5-HT in the AL of moths fluctuate throughout the day, peaking when moths
are most active (Kloppenburg et al., 1999) reminiscent of daily fluctuations of Raphe neuron
activity and 5-HT production (Trulson and Jacobs, 1979; Jacobs and Fornal, 1991; Park et al.,
1999; Corthell et al., 2013). The heterogeneous nature of serotonergic neurons and the complicated
context in which 5-HT is released likely contribute to the non-uniform effects that have been
observed for the physiological and behavioral consequences of 5-HT.
Dopaminergic modulation in a broader context
While less is known about the consequences of extrinsic dopaminergic modulation in
comparison to 5-HT, some mechanisms have been identified in olfactory neurons of a few insect
species. Similar to serotonergic modulation, dopaminergic modulation is heterogeneous across
multiple parameters within both the olfactory system and across organisms (Vinauger et al., 2018,
Dacks et al., 2012). While some insect LNs also release DA (Kirchof et al., 1999; Hamanaka et
al., 2016; Tedjakumala et al., 2017), the sole source of DA in the AL of M. sexta comes from
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centrifugal neurons called the dopaminergic arching neurons (DAARs, as seen in Figure 2) which
act as extrinsic modulators in the context of aversion (Dacks et al., 2012). In M. sexta, the DAARs
innervate all glomeruli, however in other insects like the mosquito, the degree to which each
glomerulus was innervated by DA varied (Vinauger et al., 2018). This suggests that DA may
selectively modulate certain odors more (or less) than others.
Within the AL of M. sexta, DA is associated with the context of aversive stimuli, as DA
receptor antagonists injected into the AL block aversive (Dacks et al., 2012), but not appetitive
conditioning (Riffell et al., 2013). In mosquitos, blocking excitatory D1 receptors prevents
olfactory learning (Vinauger et al., 2018). This effect is likely mediated by both the AL and the
mushroom bodies, the center for learning and memory in insects, as dopamine plays a central
role in olfactory learning (Unoki et al., 2005; Schwaerzel et al 2003; Kim et al, 2007; Schroll et
al., 2006). In vivo studies of cultured honeybee AL neurons demonstrate that DA modulates Ca2+
dependent K+ currents, thereby increasing the excitability of these neurons (Perk et al., 2006).
The effects of DA may be cell-type specific however, as Perk et.al. only recorded from one type
of AL neuron. In M. sexta DA increased the maximal odor-evoked firing rate of many
extracellularly recorded AL neurons, but did not affect response gain (Dacks et al., 2012) as with
5-HT (Dacks et al., 2008). DA and 5-HT also differ in their effects on the temporal dynamics of
odor-evoked responses. While 5-HT generally increases odor evoked response duration
(Kloppenburg et al., 1999; Dacks et al., 2008), DA reduced the post-excitation period of spike
suppression in PNs called the I2 phase (Dacks et al., 2012) that typically lasts between 10ms and
1.5 seconds (Christensen et al., 1998). The I2 phase affects the fidelity with which PNs can
encode the temporal dynamics of odor stimuli and blocking the I2 phase altogether negatively
impacts the ability of moths to track odor plumes (Lei et al., 2009; Tripathy et al., 2010),
suggesting that DA may modulate temporal pattern of odor-evoked responses of AL neurons.
Dopamine also selectively modulates mosquito AL neurons, as bath application of DA both
increased and decreased odor-evoked responses (Vinauger et al., 2018). Furthermore, the degree
to which each AL neuron was modulated by DA differed across odors, suggesting that
dopaminergic extrinsic modulation may be odor-specific (Vinauger et al., 2018).
This heterogeneity in DA responses is likely due to cell-class specific receptor expression
within populations of AL neurons. The mRNAs for three of the four known DA receptors the
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MsDop1, MsDop2 and MsINDR receptors are expressed in the AL (Dacks et al., 2012). There is
a fourth insect DA receptor, the DA ecdysteroid receptor (Abrieux et al., 2014), however the
expression patterns in M. sexta are unknown. Altogether, receptor expression by specific
neuronal types of the AL (i.e. LN vs. PN) of M. sexta is still relatively unexplored. DA receptor
activation has the capacity to converge upon the same biochemical cascades as all DA receptors
couple to adenylyl cyclase to affect cAMP levels (Saudou et al., 1992; Colas et al., 1995;
Mustard et al., 2005), however the D1 and D2 receptors have opposing effects. Overall,
prescribing a unified role for dopamine is impossible because the context in which DA is
released is unknown.
Intrinsic Modulation via Olfactory Local Interneurons:
The olfactory system must efficiently encode odorant information over a wide
concentration range to produce reliable representations of odor identity. Heterogeneous
populations of LNs alter the input/output relationship of principal cell types to accomplish much
of this computation. LNs are the main source of intrinsic modulation in the antennal lobe and
perform many tasks including presynaptic gain control (Olsen and Wilson, 2008; Root et al., 2008;
Wang, 2012), divisive normalization (Olsen et al., 2010), lateral excitation (Olsen et al., 2007) and
inhibition (Olsen and Wilson, 2008), regulating spike timing by promoting synchrony (Christensen
et al., 2000; Lei et al., 2002; Schoppa, 2006), and modulating dynamic control of response range
(reviewed in Martin et al., 2011 and Wilson et al, 2013). LNs are particularly heterogeneous and
those found in insect olfactory systems are no exception (Nässel and Homberg, 2006). LNs can
release a variety of transmitters including many neuromodulators that act over a range of
timescales and in Drosophila, lateral input from inhibitory LNs scales with overall network
activity (Olsen and Wilson, 2008). Thus, LNs intrinsically modulate odor coding within the
context of current and previous network activation. Intrinsic modulation of olfactory processing
via local interneurons can 1) alter network output based on the strength of odor input 2) mediate
long-lasting temporal effects via activation of metabotropic receptors 3) regulate the dynamic
range of output neurons, allowing for reliable coding of odor identity across a range of stimulus
intensities. 4) regulate spike timing, promoting synchrony between AL neurons and 4) mediate
contrast enhancement via lateral excitation and inhibition.
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The information transferred from
individual OSNs to PNs is highly reliable
(Murphy et al., 2004) yet non-linear
(Wilson et al., 2004; Bhandawat et al.,
2007; Olsen and Wilson, 2008). At high
stimulus intensities, output neuron activity
can saturate such that further increases in
OSN output do not result in a concomitant
increase in output neuron activity. To
avoid saturation, the olfactory system
relies on presynaptic inhibition as a means
of gain control. Gain control adjusts the
signal strength between input and output
neurons

to

filter

out

noise

from

spontaneous firing of ORNs (Wilson,
2013), avoid saturation (Olsen and Wilson,
2008; Root et al., 2008; Martin et al., 2011)
and adjust the dynamic range of output
neurons (Olsen and Wilson, 2008; Root et
al., 2008). It does this, broadly, by
activating
presynaptic

GABAb
terminals

receptors
to

on
reduce

presynaptic Ca2+ levels, resulting in
reduced transmitter release from the
presynaptic neuron (Figure 3) (Wang,
2012). While early studies on GABAergic
inhibition in the insect AL focused on the
role of ionotropic GABAa mediated lateral inhibition (Waldrop et al., 1987; Christensen et al.,
1993, 1998a,b; Lei et al., 2002), GABAa blockade in insects does not fully block a slower form of
inhibition (MacLeod and Laurent, 1996; Christensen et al., 1998b; Bazhenov et al., 2001; Wilson
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et al., 2004; Wilson and Laurent, 2005). Together this suggested that 1) GABA may also act
presynaptically and 2) a slower, metabotropic mechanism is at play.
In Drosophila melanogaster, GABAb blockade on OSN terminals increases presynaptic
Ca2+ influx, broadens odor tuning of PNs and decreases the range of ORN input over which PN
firing rate can change, ultimately resulting in PN saturation (Figure 3B) (Olsen and Wilson, 2008;
Root et al., 2008). In normal conditions, PN responses are normalized via increased lateral
inhibition which scales with ORN activity (Figure 3C) (Olsen et al., 2010). Overall, this suggests
that interglomerular presynaptic inhibition adjusts the dynamic range of PNs to avoid saturation
and refines the breadth of odor tuning across a wide range of stimulus intensities (Wang, 2012). It
is important to note that GABA is not the sole modulator of gain control in insects, as the
neuropeptides tachykinin, (Ignell et al., 2009) and short neuropeptide F (Root et al., 2011; Ko et
al., 2015) also mediate presynaptic inhibition.
While presynaptic inhibition is ubiquitous, it is not exerted evenly across the olfactory
system. In Drosophila, some glomeruli are more subject to inhibition than others simply due to
differences in glomerulus-specific LN innervation (Wilson and Laurent, 2005; Chou et al., 2010)
and OSN GABAb receptor expression (Root et al., 2008). This suggests that specific odors differ
in the amount of “shelter” they need from ongoing activity in the olfactory system, and are
therefore insulated from presynaptic gain control. Furthermore, LNs are heterogeneous in their
morphology, physiology and transmitter content (Seki and Kanzaki, 2008; Carlsson et al., 2010;
Chou et al., 2010; Seki et al., 2010; Reisenman et al., 2011; Nagayama et al., 2014) making it
challenging to determine the sub-populations of neurons involved and the mechanisms by which
they perform these tasks.
Local interneuron heterogeneity and peptidergic modulation
In Manduca, as well as other insects, AL LNs express a wide array of neurotransmitters
including a combination of GABA and multiple neuropeptides (Homberg et al., 1990; Schachtner
et al., 2004; Utz et al., 2007; Utz et al., 2008; Reisenmann et al., 2011; Fusca et al., 2015).
Consequently, understanding the functional roles of individual LNs is complex as we lack a
systematic analysis of transmitter co-expression (Nässel, 2018). For example, LNs may not
consistently express the same combination of transmitters, resulting a heterogeneous cocktail of
neuromodulators from even single LNs. Furthermore, the presence of specific sets of
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neuropeptides or combinations of transmitter types allows LNs to have a combinatorial impact on
their targets by affecting either ionotropic and/or metabotropic G-protein coupled receptors
(Nusbaum et al., 2001; Tritsch et al., 2016; Nusbaum et al., 2017). Additionally, the effects
GABAB receptor activation are far shorter-lasting relative to neuropeptide receptors (Salio et al.,
2006). A neuron that releases both GABA and a neuropeptide can mediate fast inhibition (via
GABAa receptors), slow neuromodulation (via GABAb receptors) and even longer lasting
peptidergic modulation, resulting in layered effects over different timescales on its downstream
targets. For example, a single modulatory neuron in the stomatogastric ganglion, MCN1, releases
GABA and two neuropeptides which mediate divergent effects with varying time scales, on
different neurons in the network (Stein et al 2007). Furthermore, neuropeptide receptors can be
excitatory (Horodyski et al., 2011) or inhibitory (Yapici et al., 2008; Ignell et al., 2009; Asahina
et al., 2014; Ko et al., 2015), suggesting that peptide co-release by a single LN could mediate a
complex mix of excitation and inhibition.
As a population, LNs are tonically, spontaneously active (Lei et al 2011) even without
odor-evoked network activity. However, the network may need to be more strongly activated (i.e.
by higher concentrations of odors or increased length of odor-stimuli) for LNs to release
neuropeptides due to the different calcium binding affinities of distinct synaptotagmins associated
with small clear vesicles and dense-core vesicles (Saraswati et al., 2007; Bacaj et al., 2013; Fukuda
et al., 2004). Thus, the consequences of LN activation and peptidergic modulation may depend
more upon the degree of network activity rather than the identity of any singular LN that is
activated. Overall, this heterogeneous cocktail of peptides likely provides the AL a flexible range
of states to up or down regulate olfactory processing over a variety of time frames and spatial
scales within the context of ongoing network activity. Thus, while LNs function as intrinsic
modulators of olfactory coding, a variety of mechanisms make their influence non-uniform.
Ultimately, heterogeneous transmitter co-release in LNs provides a powerful means for circuit
flexibility, allowing them to modulate other neurons within the context of previous and ongoing
network activity.
The Integration of Multiple Modulators:
The potential for integrated modulatory influence is present in all neural networks. For
example, the stomatogastric ganglion, a central pattern generator in the crab, Cancer borealis, is
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bathed in a dynamic combination of over 25 modulators (Marder, 2012). The neurons in the circuit
must therefore integrate the influence of multiple transmitters on a variety of a spatial, temporal
and molecular scales, resulting in exponential possibilities for a circuit to alter its functional
connectivity resulting in unique changes to network output. Multiple modulators could 1) converge
onto the same neurons (reviewed in Marder, 2012; Nadim and Bucher, 2014), 2) target common
channels intrinsic to neurons, thereby altering excitability in the same manner, 3) converge (or
diverge) onto the same (or opposing) second messenger cascades (Brezina et al., 1996; Mesce et
al., 2001), and finally 5) modulate surrounding neurons in the network resulting in complex
polysynaptic effects (Katz and Frost, 1995).While the mechanisms by which multiple modulators
are integrated have been explored in motor systems (Blitz et al., 1999; Brezina et al., 1996; Mesce
et al., 2001; Thirumalai and Marder, 2002; Beliez et al., 2014), this phenomenon has been virtually
unexplored in sensory systems.
In the insect AL, most, if not all glomeruli receive input from 5-HT (Kent et al., 1987;
Salecker and Distler, 1990; Sun et al., 1993; Wegerhoff, 1999; Hill et al., 2002; Dacks et al., 2006a;
Roy et al., 2007), DA (Dacks et al 2013; Vinauger et al 2018), and octopamine (Dacks et al., 2005;
Sinakevitch et al., 2005; Sinakevitch and Strausfeld, 2006), and local interneurons across many
species release GABA and a wide-array of neuropeptides (Carlsson et al., 2010; Kromann et al.,
2013; Siju et al., 2013; Fusca at el., 2015 Lizbinski et al., 2018). In the AL of M. sexta, the CSD
and DAAR neurons both ramify in all glomeruli (Kent et al., 1987; Dacks et al., 2006a; Dacks et
al., 2012) however, their relative projection patterns reveal the potential for integrated modulation
on LNs and PNs and differences in their ability to presynaptically modulate ORNs. Furthermore,
the wide-array of transmitters released from LNs (Lizbinski et al., 2018) provides multiple
mechanisms by which intrinsic modulators can alter every stage of olfactory processing within the
AL. Therefore, AL neurons must integrate the influence of both extrinsic and intrinsic sources of
modulation in order to produce flexible output based on the current physiological state of the
animal.
While neuromodulation is ubiquitous, the mechanisms by which single neurons integrate
the influence of multiple modulators is completely underexplored. In order to understand realistic
network function, network processing must be considered within the context of the dynamic
cocktail of modulators released by both intrinsic and extrinsic modulatory neurons. In this
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dissertation, I address three main questions regarding the integration of intrinsic and extrinsic
modulators in the olfactory system. I begin by determining whether two extrinsic modulators,
serotonin and dopamine, affect the same principal olfactory neurons using anatomy (Chapter 2)
and physiology (Chapter 3). I then determine the integrated effects of both modulators on
population of AL neurons and ask whether they modulate olfactory processing via the same
mechanisms (Chapter 3). Finally, due to the heterogeneity of LNs and the variety of transmitters
they co-release it is difficult to determine the mechanisms by which local interneurons modulate
olfactory processing. To this end, I systemically analyze transmitter co-expression in LNs (the
source of intrinsic modulation in the AL) to determine the organizing principles of local
interneuron heterogeneity (Chapter 4). Altogether, my work details the organizing principles that
govern the integration of multiple neuromodulators on both a single neuron and network widebasis in the olfactory system.
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CHAPTER 2
The Anatomical Basis for Modulatory Integration of serotonin and dopamine in the
Antennal Lobe
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Summary:
Within a network, functionally distinct neuron types often innervate different anatomical
regions, creating a physical map within the brain that corresponds to particular stimulus
parameters. The idea of functional mapping of neurons based on location within a network is
common across many brain regions including the visual cortex (Hubel and Wiesel, 1965),
cochlea (Clopton et al., 1974), and auditory cortex (Knudsen and Konishi, 1978; Suga et al.,
1979). Similar to functional mapping based on the stimulus neurons respond to, input and output
neurons can also occupy defined regions within a particular brain region. The olfactory system is
known for its highly stereotyped anatomy, wherein the input, output and local processing
neurons occupy defined regions in anatomical space (Shipley and Ennis, 1996). This
organization not only allows for “odotopic” mapping across individual functional units that
respond to specific odors called glomeruli, but also allows modulatory neurons to segregate (or
integrate) their influence based on the region of the network they project to. For example, within
the olfactory bulb of vertebrates, the serotonergic Raphe nuclei preferentially innervate the
glomerular layer that contains mostly juxtaglomerular neurons (the local processing neurons) and
olfactory sensory neurons (the input neurons) (Pinching and Powell, 1971; McLean and Shipley,
1987; Shipley and Ennis, 1996; Gomez et al., 2005; Steinfeld et al., 2015; Suzuki et al., 2015;
Muzurelle et al., 2016). Modulatory neurons have also been shown to differentially innervate
even more specific regions within the olfactory system, such as glomerular specific innervation
(Coates et al., 2017; Gómez et al., 2005). This allows for odor-specific or cell-type specific
targeting of modulation. However, most, if not all, sensory networks receive multiple
neuromodulatory inputs and the mechanisms by which sensory networks integrate or segregate
multiple modulatory inputs are not well understood. Here, I take advantage of the anatomically
tractable olfactory system of Manduca sexta to determine the anatomical basis of the integration
of two neuromodulators, serotonin and dopamine.
The first synaptic neuropil of the insect olfactory system, the antennal lobe (AL), is a
sensory network comprised of three primary neuron types. Odor-responsive olfactory receptor
neurons (ORNs) on the antennae project centrally to the AL where they terminate in ~63 substructures called glomeruli (Rospars and Hildebrand, 2000; Huetteroth and Schachtner, 2005).
Within each glomerulus, ORNs provide input to projection neurons (PNs) and the transfer of
information from ORNs to PNs is refined by local interneurons (LNs) that interconnect each
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glomerulus. Glomeruli surround a “coarse neuropil” containing the thicker processes of LNs and
PNs in which there is little, if any, synaptic interaction (reviewed in Ache and Young, 2005). The
orientation of glomeruli is considered with respect to the coarse neuropil, with the proximal half
of the glomerulus facing the coarse neuropil and the distal half facing away from the coarse
neuropil. PNs and LNs innervate glomeruli from the proximal end whereas ORNs innervate
glomeruli from the distal end. Thus, principal neurons types of the AL have defined anatomical
boundaries within glomeruli. In addition to these three primary neuron types, a number of
extrinsic neurons project to the AL including two sets of widely projecting neurons releasing 5HT (Kent et al., 1987) and DA (Dacks et al., 2012). The contralaterally projecting serotoninimmunoreactive deutocerebral neuron (CSD) (Kent et al., 1987; Dacks et al., 2006) and
dopaminergic arching neurons (DAAR) (Dacks et al., 2012) project widely throughout the brain
and innervate every glomerulus of the AL.
However, it is unknown whether each modulator differs in their relative distribution to
principal neurons types of the AL, i.e. ORNs, LNs and PNs. Using immunocytochemistry, dye
fills, and quantitative analysis of each neuron types’ distribution within a glomerulus, I
determined 1) the distribution of each modulatory neuron within olfactory glomeruli and 2) the
functional glomerular zones each modulatory neuron innervates. Specifically, I characterized the
innervation patterns of both 5-HT and tyrosine hydroxylase immunoreactive processes (TH-ir,
the rate-limiting enzyme for dopamine synthesis) relative to each other, olfactory receptor
neurons (ORNs), projection neurons (PNs) and several subsets of local interneurons (LNs). I
found that 5-HT-ir had nearly complete overlap with PNs and LNs, yet no overlap with ORNs,
suggesting that 5-HT may modulate PNs and LNs directly but not ORNs. TH-ir overlapped with
PNs, LNs and ORNs suggesting that dopamine has the potential to modulate all three principal
olfactory cell types. Furthermore, the branching density of each neuromodulator differed with 5HT exhibiting denser arborizations and TH-ir processes being sparser. Our results suggest that 5HT and DA extrinsic neurons target partially overlapping glomerular regions, yet DA extends
further into the region occupied by ORNs (Lizbinski et al., 2016). Ultimately, I describe a
detailed map of 5-HT and DA distribution with relation to populations of AL neurons, providing
the anatomical basis for integration of two extrinsic modulators on olfactory processing.
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(this chapter is taken directly from my publication “Lizbinski, K. M., Metheny, J. D., Bradley, S.
P., Kesari, A., & Dacks, A. M. (2016). The anatomical basis for modulatory convergence in the
antennal lobe of Manduca sexta. Journal of Comparative Neurology, 524(9), 1859-1875”.)
Abstract:
The release of neuromodulators by widely projecting neurons often allows sensory
systems to alter how they process information based on the physiological state of an animal.
Neuromodulators alter network function by changing the biophysical properties of individual
neurons and the synaptic efficacy with which individual neurons communicate. However, most,
if not all, sensory networks receive multiple neuromodulatory inputs and the mechanisms by
which sensory networks integrate multiple modulatory inputs are not well understood. Here, we
characterized the relative glomerular distribution of two extrinsic neuromodulators associated
with distinct physiological states, serotonin (5-HT) and dopamine (DA), in the antennal lobe
(AL) of the moth Manduca sexta. Using immunocytochemistry and mass dye fills, we
characterized the innervation patterns of both 5-HT and tyrosine hydroxylase immunoreactive
processes (TH-ir) relative to each other, olfactory receptor neurons (ORNs), projection neurons
(PNs) and several subsets of local interneurons (LNs). 5-HT-ir had nearly complete overlap with
PNs and LN, yet no overlap with ORNs, suggesting that 5-HT may modulate PNs and LNs
directly but not ORNs. TH-ir overlapped with PNs, LNs and ORNs suggesting that dopamine has
the potential to modulate all three cell types. Furthermore, the branching density of each
neuromodulator differed with 5-HT exhibiting denser arborizations and TH-ir processes being
more sparse. Our results suggest that 5-HT and DA extrinsic neurons target partially overlapping
glomerular regions, yet DA extends further into the region occupied by ORNs.

Introduction:
The nervous system adjusts the response properties of individual neural networks based
on the current physiological state in order to optimize network function (Nusbaum and Marder,
1989; Fontanini and Katz, 2006; Hurley and Hall, 2011; Komuniecki et al., 2014; Su and Wang,
2014). This is often accomplished by widely projecting neurons that respond to changes in the
physiological state and release neuromodulators that alter the synaptic efficacy or biophysical
properties of individual neurons (Kupfermann, 1979; Kaczmarek and Levitan, 1987; Katz, 1999)
with single neuromodulators potentially having wide-ranging and diverse effects on a network.
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Although a network is constrained by its anatomical layout, modulation of synaptic and cellular
mechanisms influences its functional connectivity (Getting, 1989). Thus, the process of
neuromodulation expands the dynamic range of a network by adjusting the response properties
and interactions of a constant set of neurons. Every neural network is influenced by a dynamic
cocktail of multiple neuromodulators (Brezina, 2010; Bargmann, 2012; Marder, 2012; Nusbaum
and Blitz, 2012) and single neurons integrate their effects. Overall, many factors, including
receptor type, second messenger system, and connectivity allow neuromodulation to provide a
remarkable degree of control over network parameters. While the convergence of multiple
neuromodulators within a network has been studied extensively in motor systems, the
consequences of this convergence in sensory systems have not received as much attention.
To understand the potential impact of modulatory convergence within a sensory system,
we sought to first characterize the relative anatomical distribution of multiple neuromodulators
within a single sensory system. The physiological effects of serotonin (5-HT) and dopamine
(DA) have been well-characterized individually in the olfactory system of Manduca sexta thus
making this model system well-positioned to study their combined effects. The first synaptic
neuropil of the insect olfactory system, the antennal lobe (AL), is a network comprised of three
primary neuron types. Odor-responsive olfactory receptor neurons (ORNs) on the antennae
project centrally to the AL where they terminate in ~63 sub-structures called glomeruli (Rospars
and Hildebrand, 2000; Huetteroth and Schachtner, 2005). Within each glomerulus, ORNs
provide input to projection neurons (PNs) and the transfer of information from ORNs to PNs is
refined by local interneurons (LNs) that interconnect each glomerulus. The glomeruli surround a
“coarse neuropil” containing the thicker processes of LNs and PNs in which there are little, if
any, sites of synaptic interaction (reviewed in Ache and Young, 2005). The orientation of
glomeruli is considered with respect to the coarse neuropil, with the proximal half of the
glomerulus facing the coarse neuropil and the distal half of the glomerulus facing away from the
coarse neuropil. PNs and LNs innervate glomeruli from the proximal end whereas ORNs
innervate glomeruli from the distal end.
In addition to these three primary neuron types, a variety of extrinsic neurons project to
the AL including two sets of widely projecting neurons releasing 5-HT (Kent et al., 1987) and
DA (Dacks et al., 2012). Both modulators enhance neuronal excitability and odor evoked
responses in isolation (Kloppenburg and Hildebrand, 1995; Mercer et al., 1995; Mercer et al.,
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1996; Kloppenburg et al., 1999; Kloppenburg and Heinbockel, 2000; Dacks et al., 2008; Dacks
et al., 2012), but their anatomical convergence within individual glomeruli is unknown. The goal
of this study was to determine the relative glomerular distribution of 5-HT and DA with relation
to the primary neuron types in the AL of Manduca sexta. We found that the relative distribution
of the processes of both 5-HT and DA neurons suggests that both modulators are more likely to
have convergent effects upon LNs and PNs, while DA neurons are more likely to influence
ORNs.

Materials and Methods:
Animals: Manduca sexta (hereafter referred to as Manduca) was raised at West Virginia
University on a 16:8 reverse light:dark cycle in the laboratory of Dr. Kevin Daly as previously
described (Bell and Joachim, 1976; Daly et al., 2013). Equal numbers of males and females
were used and a minimum of 6 moths were used for each protocol.

Immunocytochemistry: Table 1 provides the complete list of antibodies used in this study. Brains
were dissected in physiological saline (Christensen and Hildebrand, 1987), fixed in 4%
paraformaldehyde overnight at 4◦C, run through a dehydrating ethanol series and then embedded
in 5% agarose to be sectioned at 100um using a Leica VT 1000S vibratome with the exception of
tissue labeled for GABA (75 um) and BRP, Manduca tyrosine hydroxylase MsTH and 5-HT
triple label (250 um). Sections were washed in PBS with 1% Triton X-100 (PBST), blocked in
PBST and 2% IgG free BSA (Jackson Immunoresearch; Cat#001-000-161) and then incubated in
blocking solution with 5mM sodium azide and primary antibody. Incubation period and
temperature, as well as dilution, were primary antibody specific (see Antibody Characterization
section and Table 1). Sections were washed with PBST, blocked as above and fluorescent
secondary antibodies against the primary antibody host species were applied overnight at a
dilution of 1:1000 at room temperature with the exception of the anti-BRP antibody which was
incubated at 4oC. The fluorescent secondary antibodies used (all from Life Technologies) were
donkey α-rabbit Alexa 488 (Cat# A-21206), donkey α-mouse Alexa 546 (Cat# A10036) and
donkey α-goat Alexa 633 (Cat# A-21082). Sections were then briefly washed with PBS (pH 6.9),
PBST, and a series of ascending glycerol washes and then mounted on slides with Vectashield
(Vector Laboratories; Cat#H-1000). For peptide pre-adsorptions, all custom lyophilized peptides
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were synthesized by GenScript. To obtain the Manduca specific peptide sequences, we
performed a forward protein BLAST analysis of the Drosophila pre-propeptide sequence for
TKK and MIP in the Manduca genome (Agricultural Pest Genomics Resource Database:
www.agripestbase.org). Using the top matches from the Manduca genome, we then reverse
blasted the sequence from the Manduca genome into the Drosophila genome to ensure that our
result returned the lowest E values, indicating that our sequence shared close homology to the
Drosophila peptide sequence that we used as a reference. The peptide sequences used for preadsorption controls had high sequence identity with Drosophila TKK1 (RAPMGFMGVR in
Manduca) and MIPVI (AWSALHGAWA in Manduca).

Dye fills: Antennal nerve fills were performed as previously described (Dacks et al., 2010) using
Dextran, Texas Red®, 3000 MW, Neutral (LifeTechnologies, Cat# D-3329). Brains were
dissected after 24 hours for subsequent immunocytochemistry. For mushroom body dye fills,
moths were waxed into tubes with their heads tilted dorsally, a window cut in the head capsule to
expose the mushroom bodies and Dextran, Texas Red was injected into each mushroom body
using a pulled glass capillary tube. The cuticle was placed back over the window, the window
sealed with petroleum jelly and brains were dissected out for subsequent immunocytochemistry
48-72 hours later to allow diffusion of dye. Moths were fed high concentration sugar water
before the dye injection and on each subsequent day to increase survival rates.

Antibody Characterization

Bruchpilot (BRP) - The BRP antiserum (nc-82: Developmental Studies Hybridoma Bank) was
raised in mouse against the Drosophila melanogaster protein “Bruchpilot” (Hofbauer, 1991)
which is a homologue of the presynaptic active zone protein ELKS/CAST and is required for
functional synapses in the nervous system of Drosophila (Wagh et al., 2006). This antibody is
used in many insect species to delineate brain neuropil allowing visualization of brain regions
and their individual compartments (Ito et al., 2014). We used the BRP antibody to delineate
glomerular boundaries within the AL of Manduca and although the purpose of using this
antibody was not to study the distribution of the Manduca homologue of ELKS/CAST, we
performed a Western blot to verify that the antibody labeled a single protein at the predicted
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height for the Manduca homologue of ELKS/CAST. Using the Manduca genome (Agricultural
Pest Genomics Resource Database: www.agripestbase.org) we performed a forward protein
BLAST analysis of the Drosophila Bruchpilot amino acid sequence. The top match from the
Manduca genome had an e-value of 0.0 and a predicted molecular weight of 234.63kDa. We
then reverse blasted the sequence from the Manduca genome into the Drosophila genome and
the first 7 matches were Bruchpilot isoforms, all of which had e-values of 0.0. The next highest
match from the Drosophila genome had an e-value of 0.71, indicating that the sequence pulled
from the Manduca genome had a very high sequence homology to Drosophila Bruchpilot and
almost no homology to other proteins. To ensure that there were not two potential predicted
protein sequences from the Manduca genome with high sequence homology to Drosophila
Bruchpilot, we took the amino acid sequence from the Manduca genome with the second highest
e-value for the Drosophila Bruchpilot (e-value = 7e-38) and ran a BLAST analysis of that amino
acid sequence in the Drosophila genome. The BLAST analysis resulted in an e-value of 0.0 for
the Drosophila protein Stretchin-MLCK (Champagne et al., 2000), indicating that the Manduca
protein with the next closest sequence similarity to Drosophila Bruchpilot was not a Bruchpilot
homologue.
We performed a western blot of Manduca brain tissue using the BRP antibody (Fig. 1A).
Before dissections, insects were kept on ice for 5 to 60 minutes. Immediately after dissection,
brains were placed in Bolt ™ LDS Sample Buffer (Life Technologies; Cat#B0007) with protease
inhibitor cocktail (Research Products International; Cat# P50900) and DNase I
(Invitrogen;Cat#18068-015) and kept on ice. Tissue was homogenized using a pestle. Bolt ™
Sample Reducing Agent (Life Technologies; Cat# B0009) was added if appropriate. Samples
were heated in a water bath for 10 minutes at 95oC. We used the Novex® Bolt™ Gel
Electrophoresis System (Life Technologies) with Tris-Glycine SDS Running Buffer at 165V for
2.5 hours and Bolt™ 4-12% Bis-Tris Plus Precast Gels (BG04120BOX) to resolve proteins. We
used the iBlot® Gel Transfer Device (Life Technologies; Cat#IB1001) program P0 (20 V for 1
min, 23 V for 4 min, 25 V for 2 min) to transfer proteins to nitrocellulose membranes
(nitrocellulose iBlot® Transfer Stacks, Life Technologies; Cat# IB3010-01). We followed the
WesternBreeze® Chromogenic Western Blot Immunodetection Kit (Cat#WB7103, anti-mouse)
protocol to detect proteins. The BRP antibody was diluted 1:100. Images of membranes were
taken with FluorChem Q using Alpha View Analysis Software. Western blot analysis resulted in
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a single band at the predicted height of ~230 kDa (Fig. 1A). For immunocytochemistry,
sectioned tissue was incubated for 172 hours at a dilution of 1:50.

5-HT - The 5-HT antibody (Immunostar, cat# 20079) was raised in goat against serotonin
coupled to bovine serum albumin with paraformaldehyde. Pre-adsorption of the antiserum by
incubating with 1mg/mL BSA and 10:1 5-HT-BSA conjugate (Immunostar, cat# 20081):goat
anti-5-HT antibody for 24hrs at 4oC abolished all staining of Manduca AL tissue (Fig. 1B). Nonpre-adsorbed controls in which goat anti-5-HT antibody was incubated in parallel under identical
conditions with the exception of the 5-HT-BSA conjugate resulted in strong immunolabeling
(Fig. 1C). For immunocytochemistry, tissue was incubated at a dilution of 1:10,000 for 24
hours.

MsTH - Manduca sexta tyrosine hydroxylase (MsTH) - The MsTH antibody was raised in rabbit
against MsTH, which is the rate limiting enzyme in the synthesis of DA. This antibody was
generously provided by Dr. Maureen Gorman. The MsTH antibody was raised against the full
length MsTH protein and immunoblot analysis reveals a single band at the predicted height
(Gorman et al., 2007). AL labeling with this antibody matches immunolabeling for DA with the
exception of very weak labeling to an unknown substance that is not observed within glomeruli
(Dacks et al., 2012). Tissue was incubated at a dilution of 1:5,000 for 24 hours.
GABA - The GABA antibody was raised in rabbit against GABA coupled to BSA with
paraformaldehyde and obtained from Sigma Aldrich (Sigma Aldrich, cat # A2052). Controls
performed by Sigma reveal that the antibody binds to GABA in a dot blot assay and not to BSA.
Pre-adsorption controls were performed by incubating the rabbit anti-GABA antiserum for 24hrs
in blocking solution (1mg/ml BSA in PBSAT) with GABA (Sigma Aldrich, cat # A2129) at a
ratio of 10:1 GABA:antiserum which abolished all staining in Manduca AL tissue (Fig. 1D).
Non-pre-adsorbed controls in which rabbit anti-GABA antibody was incubated in parallel under
identical conditions with the exception of GABA resulted in strong immunolabeling (Fig. 1E).
For immunocytochemistry, tissue was incubated at a dilution of 1:500 for 48 hours.
Myoinhibitory peptide (MIP) – Antiserum raised in rabbit against MIP conjugated to
thyroglobulin was produced by M. Eckert, Jena Germany and provided by C. Wegener, Marburg
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Germany (Predel et al., 2001). Pre-adsorption of the antiserum by incubating with 1mg/mL BSA
and 10:1 synthetic MIPVI (AWSALHGAWA): rabbit anti-MIP antibody for 24 hours at 4oC
abolished all staining of Manduca AL tissue (Fig. 1F). Manduca sexta-MIPVI has been shown to
be present in adult Manduca ALs using mass spectrometry (Utz et al., 2007). Non-pre-adsorbed
controls in which rabbit anti-MIP antibody was incubated in parallel under identical conditions
with the exception of the synthetic MIPVI resulted in strong immunolabeling (Fig. 1G). For
immunocytochemistry, tissue was incubated for 48 hours at a dilution of 1:3000.
Allatotropin (ATR) – Antiserum raised in rabbit against Manduca allatotropin (Mas-AT, referred
to in this paper as ATR) was kindly provided by Dr. J. Veenstra, University of Bordeaux,
Talence, France; (Veenstra and Hagedorn, 1995). Specificity of Mas-AT antisera was tested
previously in Manduca tissue (Veenstra and Hagedorn, 1995). Incubation of antisera for 1 hour
at room temperature abolished all immunostaining in Manduca brain sections while preadsorption with FLRFamide, FMRFamide, and Dip-AST7 (all Sigma-Aldrich) for 1 hour at
room temperature had no effect on immunostaining (Veenstra and Hagedorn, 1995). For
immunocytochemistry, tissue was incubated for 48 hours at a dilution of 1:3000.
Allatostatin (AST) – Antiserum was raised (Reichwald et al., 1994) in rabbit against
octadecapeptideallatostatin (Pratt et al., 1991), ASB2, (AYSYVSEYKALPVYNFGL-NH2) of
Diploptera punctata and kindly provided by Dr. J. Veenstra, University of Bordeaux, Talence,
France. Pre-adsorption controls revealed that the antisera against AKSYNFGLamide, a
YXFGLamide identified from Manduca, recognizes AKSYNFGLamide, a form of allatostatin
(AST) and other allatostatin-like peptides within Manduca tissue (Davis et al., 1997). For
immunocytochemistry, tissue was incubated for 48 hours at a dilution of 1:3,000.

Tachykinin (TKK) - Antiserum raised in rabbit against locust tachykinin II with bovine
thyroglobulin with glutaraldehyde was kindly provided to us Dr. J. Veenstra, University of
Bordeaux, Talence, France. Pre-adsorption of the antiserum by incubating with 1mg/mL BSA
and 10:1 synthetic TKK1 (RAPMGFMGVR): rabbit anti-TKK antibody for 24hrs at 4oC
abolished all staining of Manduca AL tissue (Fig. 1H). Non-pre-adsorbed controls in which
rabbit anti-TKK antibody was incubated in parallel under identical conditions with the exception
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of the synthetic TKK1 resulted in strong immunolabeling (Fig. 1I). For immunocytochemistry,
tissue was incubated for 48 hours at a dilution of 1:4,000.

Confocal Microscopy Images were scanned using an Olympus FV1000 confocal microscope
with argon and green and red HeNe lasers. Fluoview software was used to adjust brightness
levels, and Corel Draw 4.0 was used to organize figures.

Analysis
To quantify the relative distribution of each neuron type within a glomerulus we used two
analytical approaches. The first approach was to determine the relative distance that each
neuronal type projected along the proximal to distal axis of the glomerulus. The second
approach was to make pair-wise comparisons of the distribution of each neuron type across the
glomerulus to determine the similarity of their distribution. These approaches are depicted in
Figure 2.
For each glomerulus analyzed, .tif stacks of AL scans were converted into an RBG color
scheme in Fluoview software and imported into Corel Draw 4.0. Glomeruli were marked with a
white dot at their most proximal, central point (Figure 2A) and cropped using the BRP staining
as the boundary of glomerular area. Glomeruli were then oriented such that the white dot was at
the bottom-most or “6 o’ clock” position. This was to ensure that horizontal bin 1 always
corresponds to the most proximal end of the glomerulus and horizontal bin 10 to the most distal
(Fig. 2B). A white bordered square with edges flush to the cropped glomerulus was applied
(square shown with black border in figure 2B to visualize concept). Each cropped glomerulus
and white square was exported individually as a .tif file and imported into MatLAB. Intensity
values for each channel were extracted and all values that fell within the white square, but not
within the glomerulus, were assigned a value of “not a number”, and thus excluded from
analysis. The square was then divided into a 10x10 matrix (Fig. 2C), however, given the nonsquare structure of glomeruli, not all rows or columns contained a pixel number divisible by 10,
and therefore the unequal bin sizes were randomly assigned to a bin(s). For example, one
glomerulus may be 756 pixels in height by 654 pixels in width. To divide the glomerulus into 10
rows, 756 pixels are distributed into 6 rows that are 76 pixels in height and 4 rows that are 75
pixels in height. Thus, the rows are randomly assigned to having 76 vs. 75 pixels. The intensity
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values from each bin in a glomerulus were then normalized by subtracting each bin by the
minimum fluorescence divided by the maximum fluorescence minus the minimum fluorescence
for that glomerulus ((X - Xmin)/(Xmax-Xmin)). Figure 2 D&E are intensity maps of two separate
channels (MsTH-ir and 5-HT-ir for figures 2D and E respectively) from a single glomerulus run
through the intensity analysis to demonstrate how each immunolabel exhibits varying levels of
pixel intensities across the 10x10 grid.
For the relative distance analysis, we averaged row values in our 10x10 grid to get a
resolution of 10 horizontal bins for intensity values. We used the normalized intensity values for
each resulting horizontal bin (1 being most proximal, 10 most distal) for each neuron to compare
the distance they extend within a glomerulus. A 1-way ANOVA for each neuron type was
performed to determine at what point along the proximal to distal axis the pixel intensity values
began to significantly reduce relative to the point of entry to the glomerulus. For all neuron
types, with the exception of ORNs, the comparison was with relation to the proximal end of the
glomerulus.
For the pair-wise correlational analysis, we calculated average normalized intensity
values across our 10x10 grid of glomeruli and then plotted the intensity values as heatmaps using
the heatmap function in MatLab (available
athttp://www.mathworks.com/matlabcentral/?refresh=true). To quantify the similarity in
glomerular distribution between labeling groups, i.e. ORN vs. PN, we ran a pair-wise linear
regression analysis using Graph Pad Prism v.6.01 (Graphpad Software Incorporated) to obtain a
linear relationship and R2 values for each possible combination of neuron type and immunostain.
We note, the purpose of our correlation analysis was not to demonstrate whether each neuron
type synapses with each other, but rather, to establish a predictive relationship determining that if
‘x’ appears in bin 10, how often will ‘y’ appear in that same bin at a similar level of intensity.
For 5-HT and MsTH, 100 sexually isomorphic glomeruli from 10 moths were used. To
directly compare the intensity values for 5-HT-ir and MsTH-ir at each bin we used multiple Ttests with the Holm-Sidak method to correct for multiple comparisons in Graphpad Prism. For
ORNs, PNs and GABA 10 sexually isomorphic glomeruli from 5 animals for each neuron type
were used. The analyses were performed in duplicate by two different individuals on different
computers and the results were consistent and reliable across person.
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All references to neuroanatomical structures use the terminology set out in Ito et al.
(2014). The goal of this study is to determine the relative distribution of two extrinsic
neuromodulatory neurons in relation to the primary neuron types of the AL. We do not assume
connectivity based on overlap of projections, rather we are using relative distribution to provide
a framework for studying the convergence of neuromodulatory inputs to this sensory network.

Results:
The AL receives serotonergic and dopaminergic input from two separate sets of extrinsic
neurons. The contralaterally projecting serotonin-immunoreactive deutocerebral neuron (CSD)
(Kent et al., 1987; Dacks et al., 2006a) and dopaminergic arching neurons (DAAR) (Dacks et al.,
2012) project widely throughout the brain (schematized in Fig. 3A) and innervate every
glomerulus of the AL. One CSD neuron cell body resides in each lateral cell cluster of the AL,
projects along the medial antennal lobe tract (mALT) to the superior protocerebrum where it
crosses the midline and projects anteriorly to innervate all glomeruli of the contralateral AL after
having innervated both lateral horns and other protocerebral regions (Kent et al., 1987). There
are two pairs of DAAR neurons, each of which projects to lateral protocerebral regions on each
side of the brain as well as to both ALs where they innervate all glomeruli (Dacks et al., 2012).
Thus each AL receives input from a single CSD neuron and four DAAR neurons.

CSD and DAAR neurons innervate distinct yet overlapping glomerular zones
To determine the extent of overlap between the serotonergic and dopaminergic systems
within glomeruli, we labeled for 5-HT, MsTH, and BRP in adult moths. MsTH was used to
immunolabel the dopaminergic DAAR neurons and the BRP antibody was used to delineate
glomerular boundaries. In sexually isomorphic glomeruli, MsTH-ir extends farther distally than
5-HT which remains proximal relative to the center of the AL (Fig. 3B-D). Using multiple t
tests, we found that the distribution of 5-HT and DA significantly differed for the most distal
bins 7-10, bin 1 being most proximal and bin 10 most distal (Fig. 3E; Multiple t-tests; t= 2.76 for
bin7, t=4.55 for bin 8, t= 5.44 for bin 9, t= 4.68 for bin 10; df=18; p=0.012 for bin 7p<0.0001 for
bin 8-10; n=100). Using a 1-way ANOVA to make within modulator comparisons of intensity,
we also sought to define where the distribution of each modulator began to significantly reduce
in intensity along the proximal to distal axis. To determine at what point along the proximal to
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distal axis 5-HT-ir and MsTH-ir began to differ in intensity we used a 1-way ANOVA to
compare intensity levels between each bin. The intensity values of the 5-HT-ir began to
significantly decrease at bin 6 (Fig. 3E_, p<0.01, df=9, n=10), while the MsTH-ir intensity
values do not significantly decrease until bin 9 (Fig. 3E, p<0.05, df=9, n=10). Manduca possess
three sexually dimorphic glomeruli, which comprise the macroglomerular complex (MGC) in
males and receive input from ORNs responsive to components of the female sex pheromone
(Christensen and Hildebrand, 1987). In the MGC, MsTH also extends farther distally than 5-HT
(Fig. 3F) although neither biogenic amine extended as far distally in the MGC as in the
isomorphic glomeruli.
In many invertebrates, the axon terminals of ORNs innervate the distal portion of
glomeruli, whereas the processes of PNs and LNs are more proximal (as reviewed in Ache and
Young, 2005). To quantitatively illustrate the distribution of the three principal neuron types
along the proximal to distal axis of a glomerulus in Manduca, in separate groups of moths we
labeled ORNs via anterograde dye fills from the antennae, PNs via retrograde dye fills from the
mushroom bodies and GABA-ir LNs and PNs via immunolabeling for GABA. Dye filled PNs
and GABA-ir neurons had the greatest intensity within the most proximal 5 bins of the
glomerulus, while dye filled ORNs were greatest in intensity in the most distal portion of a
glomerulus (bins 7-10) (Fig. 4A). To determine at what point along the proximal to distal axis
each of the 3 neuronal types began to differ in intensity, we used a 1-way ANOVA to compare
intensity levels between each bin for each individual neuron type. ORN intensity values began to
significantly decrease relative to the most distal bin at bin 6 (Fig. 4A, p<0.05, df=9, n=10), PN
intensity values began to significantly decrease relative to the most proximal bin at bin 9 (Fig.
4A, p<0.05, df=9, n=10) and GABA intensity values began to significantly decrease relative to
the most proximal bin at bin 5 (Fig. 4A, p<0.01, df=9, n=10).
Glomeruli are irregular spheroidal structures, thus using a 10x10 grid of intensity across
vertical and horizontal bins was necessary to capture the unique distribution pattern of each
neuron type. In Manduca, ORNs do not innervate the glomerulus in a perfect linear progression
along the distal to proximal axis, but rather form a crescent around the distal glomerular half
(Fig. 4B). Conversely, PNs and GABA-ir AL neurons occupy a proximal “spheroid” within the
crescent formed by the ORNs (Fig. 4C, D). To quantify the degree of similarity between these
general distributions we ran a pair-wise linear regression analysis of the labeling intensity for
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each neuronal type within a glomerulus. The innervation patterns of ORNs and PNs showed a
significant negative relationship (Fig. 4E; r2 = 0.3251, p<0.0001) as did the patterns for ORNs
and GABA (Fig. 4F; r2 = 0.6494, p<0.0001). Finally, the innervation patterns of PNs and
GABA-ir AL neurons showed a significant positive relationship (Fig. 4G; r2 = 0.2444,
p<0.0001).
We therefore sought to determine if the differences in innervation pattern of the CSD and
DAAR neurons were reflective of differences in the glomerular regions occupied by the ORNs,
LNs and PNs. Antennal nerve fills were used to anterogradely fill the axons of ORNs to the AL
(Fig. 5A). Subsequent immunocytochemical labeling for 5-HT and MsTH revealed that,
consistent with Sun et al. (1993), the 5-HT-ir processes remained proximal and had little overlap
with the ORNs (Fig. 3B), while ORNs almost completely overlapped with MsTH-ir (Fig. 3C).
An almost complete lack of overlap between 5-HT-ir and ORNs was also observed in the MGC
(Fig. 3D-F). Using a 10x10 grid of intensity across vertical and horizontal bins to determine the
average distribution of ORNs, 5-HT-ir and MsTH-ir, we found that ORNs occupy the most distal
bins as shown in (Fig. 5G), while 5-HT-ir and MsTH-ir both innervate the most proximal bins
(Fig. 5H-I) with MsTH-ir extending farther distally into the glomerulus (Fig. 5I). To quantify the
degree of similarity between ORNs and 5-HT-ir we ran a pair-wise linear regression analysis of
the labeling intensity for each neuronal type within a glomerulus. Both 5-HT-ir and MsTH-ir
showed a negative relationship with ORNs (Fig. 5J-K; r2 = 0.6162, p<0.0001 and r2 = 0.5133,
p<0.0001 respectively). To illustrate the distribution of the CSD and DAAR processes relative to
PN dendrites, mushroom body dye fills were used to retrogradely fill PN processes in the AL
(Fig. 6A). The CSD and DAAR processes intermingle with PN dendrites, but only the DAAR
neurons extend more distally beyond the boundary of the PNs (Figure 4B-G). Both 5-HT-ir and
MsTH-ir showed a positive relationship with PNs (Fig. 6E-F; r2 = 0.2810, p<0.0001, r2 =
0.09240, p = 0.0022 respectively).

Distribution of the CSD and DAAR neurons relative to the GABAergic and peptidergic AL
neurons
To illustrate the relative distribution of the CSD processes with the diverse modulatory
environment of the AL, we compared the distribution of 5-HT-ir to the intrinsic modulatory
network of GABAergic and peptidergic AL neurons in the lateral cell cluster. Because the most
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reliable GABA antibody and all of the available neuropeptide antibodies were raised in rabbit,
we did not examine their relative distribution with MsTH-ir as this antibody was also raised in
rabbit. There are ~460 GABAergic cell bodies in the lateral cell cluster, of which 360 are LNs
and 100 are PNs (Hoskins et al., 1986), so GABA-ir provides a method to highlight a major
proportion of cells in the lateral cell cluster of Manduca. Consistent with (Hoskins et al., 1986),
GABA-ir processes were denser at the proximal region of isomorphic glomeruli and sparser
distally (Fig. 4A&D). Triple immunolabeling (Fig. 7A) revealed extensive overlap of 5-HT-ir
within the denser GABA-ir in the proximal region of the isomorphic glomeruli (Fig. 7B). As in
Figure 3, the BRP antibody was used to delineate glomerular boundaries. However, the CSD
neurons did not extend their processes distally past the boundary at which the GABA-ir
processes become spare (Fig. 7C, D). GABA showed a significant positive relationship with 5HT (Fig. 7E; r2 = 0.4436, p<0.0001).
Despite the large number of GABAergic LNs, not all LNs in the ALs of Manduca are
GABAergic (Reisenman et al., 2011) and many LNs (and some PNs) express a variety of
different neuropeptides (Homberg et al., 1990; Utz and Schachtner, 2005; Reisenman et al.,
2011). Thus, antibodies against several neuropeptides were used to highlight the processes of a
smaller number of LNs and PNs than are labeled with GABA-ir. Figure 8 depicts the
arborizations of the CSD neuron and 4 populations of peptidergic neurons: tachykinin-ir (TKK;
Fig. 8A-F), allatotropin-ir (ATR; Fig. 8G-I), allatostatin-ir (AST; Fig. 8J-L) and myoinhibitory
peptide-ir (MIP; Fig. 8M-P). Within the isomorphic glomeruli (Fig. 8; central column) all four
populations of peptidergic neurons overlap with 5-HT-ir but all extend farther distally. To the
best of our knowledge, this is the first description of TKK-ir in the AL of Manduca. Each AL
possesses ~9 TKK-ir cell bodies which together innervate all glomeruli (Fig. 8A-B). While some
TKK-ir cell bodies appear to be LNs according to their morphology, there is a process leaving
the AL (Fig. 8C), demonstrating that some TKK-ir cells may be PNs or even centrifugal neurons.
A small number of ATR-ir neurons in the lateral cell cluster are also PNs and a few centrifugal
AST-ir neurons innervate the AL and arborize in glomeruli (Utz and Schachtner, 2005; Utz et al.,
2007; Utz et al., 2008). Similar to the GABA-ir, ATR-ir was denser at the proximal core of
isomorphic glomeruli as well as the MGC, but did extend distally with sparer processes (Fig 8I).
The AST-ir was also denser proximally, although not nearly to the same extent as the GABA-ir
or the ATR-ir (Fig. 8K). MIP-ir and TKK-ir were generally uniform in density. Utz et al., 2007
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reported that the majority of MIP-ir neurons are LNs based on their morphology, and our results
were consistent with this finding in that the MIP-ir cell bodies were relatively large, on average
~20 um compared to PN cell bodies in the lateral cell cluster (6.2-8.9um; Homberg et al., 1988).
MIP-ir was uniformly distributed throughout isomorphic glomeruli, extending farther distally
than 5-HT in both the isomorphic glomeruli and the MGC (Fig. 8N-O).

Discussion:
Neuromodulation provides a network with the capacity to produce a wide range of output
under different conditions. Without this flexibility the same network would need exponentially
more connections to achieve the same endpoint. A variety of external and internal conditions
trigger the release of neuromodulators and as a consequence each network must dynamically
integrate the influences of many neuromodulators. In this study, we described the relative
glomerular distribution of two extrinsic modulatory systems within the AL of Manduca, their
overlap with input neurons, output neurons and intrinsic sources of neuromodulators. The
differences in the glomerular arborizations of the CSD and DAAR neurons (releasing 5-HT and
DA respectively) suggest that each modulator targets partially overlapping functional groups of
neurons. While both the processes of the CSD and DAAR neurons overlap extensively with LNs
and PNs, the DAAR neurons extended sufficiently distally to overlap with the axon terminals of
ORNs while the CSD neurons remained proximal and had very little overlap with ORNs. Based
on their anatomical distributions within glomeruli, the CSD neurons are less likely to have
significant presynaptic influence on ORNs while the DAAR neurons have the potential to
influence all three major intrinsic neuron types in the AL.
We employed two approaches to analyze the distribution of 5-HT-ir and MsTH-ir with
each other and with the three major AL neuron types. To determine if CSD and DAAR neurons
differ in the distance that they extend within a glomerulus, we divided glomeruli into 10 bins
along the proximal to distal axis and made comparisons of immunolabeling intensity at each bin.
This allowed us to determine that these two modulatory populations had similar levels of
innervation of the proximal glomerular regions, but differed in their distribution within the distal
region. Specifically, the intensity values for 5-HT-ir began to significantly decrease within the
distal 40% of the glomerulus, while MsTH-ir did not significantly decrease until the distal 20%
of the glomerulus (Fig. 3E). Although their decrease was much more gradual than that of the 5-
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HT-ir, PNs and GABA-ir neurons also decreased in their innervation in the distal glomerular
region (Fig. 4A). ORNs, on the other hand had their greatest intensity within the distal 40% of
the glomeruli and decreased proximally. Pair-wise comparisons of each neuronal type revealed
that overall, ORNs typically showed a negative relationship with the other neuronal types (Figs.
4E,F and 5J,K), whereas all other pair-wise comparisons showed a positive relationship. Despite
the negative relationship of overall distribution of MsTH-ir with ORNs across the entire
glomerulus, MsTH-ir neurons had a higher intensity than 5-HT-ir, PNs and GABA-ir neurons
within the distal most regions of the glomerulus occupied by the ORNs (Fig. 3E and 4A).
While overlapping projections converging in the same glomerular sub-region suggest
potential interaction of neuromodulators, anatomy is only the first step in determining a basis for
the convergent physiological effects of neuromodulation. The physiological convergence of
neuromodulators depends upon receptor expression of the pre or postsynaptic neuron. Consistent
with our finding that the distributions of 5-HT-ir and GABA-ir overlapped, GABAergic LNs
within the AL of Manduca express the Ms5HT1A receptor (Dacks et al., 2013) and presumed
LNs grown in cell culture, and therefore isolated from any synaptic input, are directly modulated
by 5-HT (Mercer et al 1995). Ms5HT1B, Ms5HT2 and Ms5HT7 receptor mRNAs are expressed
in the AL (Dacks et al., 2006b; Dacks et al., 2013) as are the mRNAs for the MsDop1, MsDop2
and MsINDR receptors (Dacks et al., 2012). However, receptor expression by specific neuronal
types of the AL (i.e. LN vs. PN) of Manduca is still relatively unexplored. Receptors for 5-HT
and DA have the capacity to converge upon the same biochemical cascades as they all couple to
adenylyl cyclase to affect cAMP levels (Saudou et al., 1992; Colas et al., 1995; Mustard et al.,
2005). However, the biochemical consequences of activating 5-HT and DA receptors also have
the opportunity to diverge, as the 5-HT1 and 5-HT2 receptor subtypes affect IP3 pathways while
DA receptors and the 5-HT7 receptor do not (Saudou et al., 1992; Mustard et al., 2005).
The potential for convergent modulatory influence is present in all insect ALs. Most, if
not all glomeruli receive input from 5-HT (Kent et al., 1987; Salecker and Distler, 1990; Sun et
al., 1993; Wegerhoff, 1999; Hill et al., 2002; Dacks et al., 2006a; Roy et al., 2007) and
neuropeptides (Carlsson et al., 2010; Kromann et al., 2013; Siju et al., 2013) suggesting that
neuromodulation is ubiquitous within the AL. In the AL of Manduca, the CSD and DAAR
neurons both ramify in all glomeruli (Kent et al., 1987; Dacks et al., 2006a; Dacks et al., 2012)
however, we demonstrate their relative projection patterns reveal the potential for convergent
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modulation on LNs and PNs and differences in their ability to presynaptically modulate ORNs.
This is consistent with work in Drosophila showing that presynaptic inhibition of ORNs by
GABAergic LNs is enhanced by 5-HT despite 5-HT having no direct effect on ORNs (Dacks et
al., 2009). This suggests that 5-HT acts, in part, through lateral interactions exerted by LNs to
shape odor evoked responses. Furthermore, the glomeruli to which the CSD neurons project in
the AL of Drosophila are tightly regulated by ephrin signaling pathways and the disruption of
this developmental control has significant consequences for odor-guided behavior (Singh et al.,
2013). This suggests that the stereotyped distribution of CSD processes has functional
consequences for odor-processing. In Manduca, 5-HT has odor specific effects on AL neuron
responses, further suggesting that 5-HT modulates the capacity of LNs to refine the transfer of
information between ORNs and PNs (Dacks et al., 2008). However, this does not suggest that
ORNs are not affected by 5-HT from sources other than the CSD neurons. ORNs are
continuously subjected to the influence of circulating neuromodulators in the hemolymph
(Schendzielorz et al., 2015) and the mRNA for four of the Manduca 5-HT receptors are
expressed in the antennae, far from the axons of CSD neurons in the AL (Dacks et al., 2006b;
Dacks et al., 2013), although it is possible that 5-HT release from the CSDs may act at a distance
to influence ORNs in an as yet unobserved manner.
Although 5-HT and DA are likely released under different behavioral contexts, they both
generally enhance odor evoked responses of AL neurons (Kloppenburg and Hildebrand, 1995;
Dacks et al., 2008; Kloppenburg and Mercer, 2008; Dacks et al., 2012), although their effects
differ in several ways. The levels of 5-HT in the ALs of Manduca fluctuate throughout the day
peaking at dawn and dusk (Kloppenburg et al., 1999), when Manduca perform the majority of
their odor-guided behaviors (Lingren et al., 1977). Furthermore, injection of 5-HT into cabbage
looper moths broadens the range of the day in which male moths will fly to female pheromone
(Linn and Roelofs, 1986). This suggests that the release of 5-HT by the CSD neurons is at least,
in part, regulated by the waking state. Physiologically, bath application of 5-HT reduces two K+
conductances, a sustained IKV-like conductance and a more transient IA-like conductance, and
lowers the voltage of inactivation for the IA-like conductance in PNs (Kloppenburg et al., 1999)
and cultured LNs (Mercer et al., 1995). As a consequence, the resistance (and therefore the
excitability) of LNs and PNs is increased by 5-HT (Kloppenburg and Hildebrand, 1995) and the
odor-evoked responses of AL neurons is also increased (Kloppenburg et al., 1999; Dacks et al.,
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2008). Another consequence of the effects 5-HT is an increase in the slope of odor-evoked
responses as a function of odor concentration (Dacks et al., 2008) suggesting that 5-HT
modulates the gain of the AL.
The context for the release of DA within the AL is associated with the context of aversive
stimuli, as injection of DA receptor antagonists into the ALs blocks aversive conditioning (Dacks
et al., 2012), but not appetitive conditioning (Riffell et al., 2013). Similar to 5-HT, bath
application of DA increased the maximal odor-evoked firing rate of extracellularly recorded AL
neurons, but did not affect response gain (Dacks et al., 2012) as was observed for 5-HT (Dacks et
al., 2008). DA and 5-HT also differ in their effects on the temporal dynamics of odor evoked
responses. While 5-HT generally increased odor evoked response duration (Kloppenburg et al.,
1999; Dacks et al., 2008), DA reduced the post-excitation period of spike suppression in PNs
called the I2 phase (Dacks et al., 2012) that typically lasts between 10ms and 1.5 seconds
(Christensen et al., 1996). The I2 phase affects the fidelity with which PNs can encode the
temporal dynamics of odor stimuli and blocking the I2 phase altogether negatively impacts the
ability of moths to track odor plumes (Lei et al., 2009), suggesting that DA may modulate the
coding of stimulus timing within the AL. Although the physiological effects of both modulators
on a single AL neuron have not been examined, ~50% of AL neurons are affected by 5-HT
(Kloppenburg and Hildebrand, 1995; Mercer et al., 1995; Dacks et al., 2008) and ~60% of AL
neurons are affected by DA (Dacks et al., 2012), suggesting that at least 10% of AL neurons are
affected by both modulators. The AL must therefore integrate the effects of multiple
neuromodulators, which each have distinct effects information processing and sensory coding.
Neuromodulatory neurons can be extrinsic (projecting from outside the network) or
intrinsic (part of the network) to a system (Katz, 1999). In the AL, LNs intrinsic to the network
refine the transfer of information from ORNs to PNs via a diverse set of pre- and post-synaptic
mechanisms. In Manduca, GABAergic LNs mediate a variety of tasks including maintaining
temporal fidelity, contrast enhancement between glomeruli and intraglomerular and
interglomerular synchrony (Waldrop et al., 1987; Christensen et al., 1998; Lei et al., 2002; Lei et
al., 2009; Tripathy et al., 2010; Daly et al., 2011; Martin et al., 2011). Furthermore, LNs coexpress a diverse array of neuropeptides for which a few have been demonstrated to modulate
olfactory processing (Ignell et al., 2009; Root et al., 2011). In Drosophila, LNs co-transmit
GABA and tachykinin (Carlsson et al., 2010), both of which mediate presynaptic gain control of
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ORNs via GABAb receptors (Olsen and Wilson, 2008; Root et al., 2008) and tachykinin
receptors (Ignell et al., 2009). Unlike classical small neurotransmitters such as GABA,
neuropeptides work on at least a 100-fold longer time scale (Salio et al., 2006). Thus, the corelease of both GABA and neuropeptides in Manduca may provide layers of inhibition exerted
over different time courses. While LNs represent a source of neuromodulation exerted within the
context of recent network activation, the CSD and DAAR neurons represent an extrinsic source
of neuromodulation exerted based on the general physiological state of the individual moth. All
of these neuromodulatory neurons had a high degree of overlap (Fig. 3, 8) within the glomeruli
suggesting that olfactory processing is dynamically shaped by multiple modulatory inputs, both
extrinsic and intrinsic.
Sensory systems adjust how they encode information about the environment under a
variety of different circumstances. Different internal and external conditions exert constraints on
the physiological needs of the individual animal and the capacity to modify sensory processing in
an appropriate manner is, in part, carried out by the integration of multiple sources of
modulation. The integration of multiple modulators within a single network, neuron or second
messenger pathway allows dynamic control over biophysical properties and vesicle release on
both short and long time scales potentially with non-linear effects. In this manner, integrated
modulation increases cellular dynamics, expanding the processing power of a network. Our data
reveals that 5-HT and DA may converge upon the same neuron types, providing the potential for
their integrated effects. Intrinsic and extrinsic modulatory neurons represent a significant
proportion of the AL network which speaks to the importance of neuromodulation for
information processing within the AL. Overall, the integration of modulators within the
olfactory system may serve as a layered source of modulation for dynamically adjusting sensory
processing in a complex, odor filled environment.
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CHAPTER 3
Serotonin and Dopamine Modulate Olfactory Coding via Distinct Mechanisms
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Abstract:
Animals constantly adjust sensory processing to meet the ongoing demands of a dynamic
internal and external environment. In the olfactory system, extrinsic modulatory neurons adjust
odor coding within the context of ongoing activity in other brain regions, yet the consequences of
integrating multiple modulatory inputs are not well understood. The antennal lobe (AL; the first
olfactory neuropil) of the moth, Manduca sexta is innervated by widely projecting serotonergic
and dopaminergic extrinsic neurons whose processes converge in common areas within
glomeruli. Therefore, single AL neurons may be simultaneously influenced by both modulators.
Using extracellular tetrode recordings of AL neurons, we asked 1) Do both modulators affect the
same neurons? 2) How variable are the effects of a single modulator? 3) Do both modulators
target the same features of odor-evoked responses? Our results demonstrate that 5-HT and DA
alter olfactory processing by targetting both distinct and common phases of odor-evoked
responses. While both 5-HT and DA converge on many of the same AL neurons, the individual
effects of each modulator can diverge by targeting distinct phases of odor-evoked responses. We
find that most projection neurons (PNs) integrate the influence of both 5-HT and DA, while a
high proportion of putative local interneurons (LNs) were selectively modulated by 5-HT alone
(although a small subset of LNs was affected by both modulators). The individual effects of 5HT and DA are variable as within both LNs and PNs, each modulator increased the odor-evoked
firing rate of subsets of neurons while decreasing the odor-evoked firing rates of other neurons.
Additionally, when both modulators were applied together, many of the individual effects of
each modulator were attenuated. This suggests that while both 5-HT and DA can converge onto
the same neuron, their effects on second-messengers may diverge causing a non-linear change to
odor-evoked responses. Altogether, our results suggest that DA modulates response timing of
PNs by targeting intrinsic inhibitory phases of PNs, while 5-HT alone may alter PN sensitivity at
low odor concentrations by increasing PN response duration and altering the balance of lateral
input via LNs. Finally, this work provides a mechanistic basis by which a sensory system
integrates multiple modulators within single neurons to mediate network-wide changes in
response to an ecologically relevant stimulus.
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Introduction:
Every neural network is influenced by a dynamic cocktail of neuromodulators that are
integrated by individual neurons to mediate network-wide, context specific changes in output.
While this challenge is ubiquitous across species, brain region, and neuron type, little is known
about how individual functional neuron types integrate or segregate the simultaneous influence
of multiple modulators. In motor systems, the physiological consequences of multiple
modulators have been studied at the level of single neurons (Gutierrez and Marder 2014; Marder
et al., 2014), and populations of neurons (Blitz et al., 1999; Brezina et al., 1996; Mesce et al.,
2001; Thirumalai and Marder, 2002; Beliez et al., 2014). Key findings from motor systems
demonstrate that integration of multiple modulators onto single neurons can alter network
processing by a variety of mechanisms (reviewed in Marder, 2012; Nadim and Bucher, 2014).
For example, while it’s tempting to assume that the individual effects of modulators may
integrate linearly, modulators that affect neurons in a similar fashion when applied alone, have
drastically different and non-linear effects when combined (Swensen and Marder, 2000; Li et al.,
2018). Moreover, two modulators could converge or diverge by targeting distinct (Thirumalai
and Marder, 2002) or shared targets (Swensen and Marder, 2000) within the network.
Modulators could also molecularly converge (or diverge) onto the same (or opposing) second
messenger cascades, resulting in additive, subtractive, or non-linear effects on responses
(Brezina et al., 1996; Mesce et al., 2001). Finally, modulators can alter synaptic input to a given
neuron within the network, thereby altering the balance of excitation or inhibition that neuron
experiences (Katz and Frost, 1995). Combinations of these mechanisms likely occur
simultaneously within single neurons to mediate network wide changes in output. However, the
details of modulatory integration are lacking in sensory systems as most studies have focused on
determining the effects of only one neuromodulator at a time. Ultimately, to understand realistic
sensory network function, it is critical to determine the network consequences of integrating
multiple neuromodulatory inputs in single neurons.
Here, we take advantage of the wealth of anatomical and physiological information on the
individual effects of two modulators, serotonin (5-HT) and dopamine (DA), within the olfactory
system of the moth, M. sexta. In the insect antennal lobe (AL: the first olfactory neuropil,
analogous to the vertebrate olfactory bulb), odorants bind to chemosensory proteins expressed by
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input neurons called olfactory receptor neurons (ORNs). Within a glomerulus, ORNs synapse upon
output neurons called projection neurons (PNs). Finally, a diverse population of local interneurons
(LNs) (Chou et al., 2010; Reisenman et al., 2011; Seki et al., 2010; Lizbinski et al., 2018;
Christensen et al., 1993, Lei et al., 2002) refines the input/output relationship of ORNs and PNs.
In M. sexta, the AL is also innervated by centrifugal neurons releasing serotonin (5-HT), and
dopamine (DA) which act as extrinsic modulators to alter olfactory processing in the context of
waking state and aversion (Dacks et al., 2008; Dacks et al., 2012; Kent et al., 1987; Kloppenburg
et al., 1999). Within each glomerulus, both 5-HT and DA overlap with the processes of PNs and
LNs, suggesting that these two functional neuron types may integrate the influence of both
modulators (Lizbinski et al., 2016). Previous studies have shown that both 5-HT and DA generally
enhance odor-evoked responses across populations of AL units (Dacks et al., 2008; Dacks et al.,
2012). Futhermore, both modulators can alter different potassium conductances, thereby changing
a neuron’s excitability (Mercer et al., 1996; Perk et al., 1995). Thus, while the individual
physiological effects on odor-processing of both 5-HT and DA have been previously studied, it is
unknown whether AL neurons integrate the influence of both modulators, the degree to which the
effects of single modulators are variable, and finally if any integrated effects of these modulators
are linear.
It is also unclear whether both modulators alter the same features of odor-evoked
responses of AL neurons. Here we find that serotonin (5-HT) alone increases response duration
of PNs and can increase or decrease odor-evoked firing rate depending on the PN, but does not
affect a post-excitation inhibitory phase intrinsic to PNs (“I2”). Dopamine (DA) alone also can
increase or decrease odor-evoked firing rate depending on the PN, however it significantly
shortens I2, allowing PNs to recover to baseline quicker. This suggests that while both 5-HT and
DA affect odor-evoked excitation, they affect different temporal features of the overall odorevoked responses of PNs. In combination, 5-HT and DA can increase or decrease odor evoked
firing rate depending on the neuron, however the 5-HT mediated increase in response duration is
lost, suggesting that DA masks the 5-HT mediated increase in response duration. Frequently, DA
appears to mask the effects of 5-HT on specific coding features when both modulators are
integrated in a single neuron. In LNs, both modulators alone can either increase or decrease postinhibitory rebound excitation, however only 5-HT affected the length of odor-evoked inhibition
in LNs. This suggests that while both modulators affect rebound excitation, they likely affect this
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response feature via distinct mechanisms as both strength of inhibition and channel opening
probability affect rebound. Overall, we find that both PNs and LNs integrate the influence of
both 5-HT and DA, and the effects of each modulator individually are highly variable on an
odor-concentration and cell-by-cell basis (either increasing or decreasing odor-evoked firing rate
in subsets of AL neurons). Finally, while each modulator has similar effects on odor-evoked
responses when applied alone, their integrated effects suggest each modulator can affect the
same feature of olfactory coding by potentially targeting distinct cellular and synaptic
mechanisms.
Materials and Methods:
Animals: M. sexta was raised at West Virginia University on a 16:8 reverse light:dark cycle in
house as previously described (Bell et al., 1976; Daly et al., 2013). All moths were naïve,
unmated adults between 2-5 days post-eclosion. 21 moths were used for the experiments
assessing the effects of both modulators for a total of 47 neurons, and 9 moths were used for
control experiments for a total of 37 neurons.

Extracellular multichannel electrophysiology:
Using extracellular multichannel electrophysiological recording, the responses of individual
neurons to a stimulus set were compared across pharmacological treatments of 5-HT and DA
individually, as well as 5-HT and DA together. For recording, moths were fixed with wax into
tubes, a window cut into their head capsule to expose the ALs and physiological saline
superfused over the brain (Figure 1A). Sixteen-channel extracellular electrode arrays
(Neuronexus) were inserted into the AL allowing the recording of multiple AL neurons
simultaneously. Extracellular activity was acquired with a P22-32 32-channel pre-amp from
Tucker Davis Technologies (TDT) and an RZ5D Bioamplifier Processor from TDT. The
thresholds to capture waveforms were set individually and independently for each channel.
Separate sets of animals were used to examine sensitivity as well as control experiments for a
total of 83 individual units. Dilutions of 10-4, 10-3, 10-2, and 10-1 synthetic Datura wrightii blend
odorant (M. sexta’s host plant) were used to determine how 5-HT and DA affect sensitivity to
odors (Riffel et al 2009; Riffell et al 2008). Datura wrightii is the host plant of M. sexta and
contains individual chemical components that span multiple functional groups, thus activating a
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large number of glomeruli. Odor was prepared by mixing individual components of the floral
head space with pure mineral oil (Riffell et al., 2009; Riffell et al., 2008). Odor was puffed onto
the antennae from lowest to highest concentration to evoke a response from AL neurons. 200ms
pulses of each odor was repeated 10 times with an inter-pulse interval of 10 seconds. The
stimulus set was repeated while either control saline or neuromodulators were superfused (10-4M
5-HT and 10-5M DA). Neuromodulator concentrations are based on dose-response curves
performed in previous publications (Dacks et al., 2008; Dacks et al., 2012). The order in which
5-HT or DA alone were applied was randomized between each experiment to avoid any bias
based on order of application, however the application of both modulators simultaneously was
always last, followed by the final control saline wash. Each neuromodulator solution was
prepared fresh each and immediately before recording, applied and washed out with M. sexta
physiological saline (Christensen and Hildebrand, 1987) for 10 minutes. Spontaneous activity
was recorded for 1 minute during each treatment before odor stimuli to determine the stability of
the neuron across treatments and assess whether each modulator alters spontaneous activity
(Figure 1B).
Spike sorting: The spike timing of individual neurons were assigned based on waveform shape
by Offline Sorter v3.3.2 (Plexon Inc.). Non-automated cluster-cutting was performed by hand
using principal components analysis (PCA) and specific waveform parameters for each
individual channel within a tetrode such as peak/valley ratio to cluster neurons in 3-D space.
Contamination due to short ISIs was kept below 1% for all units to avoid assigning multiple
waveforms from disparate units to the same unit. Cross-correlograms were used to compare units
recorded within the same experiment to avoid overcutting.
Data analysis: The firing rate of each neuron in response to the stimulus set was determined by
creating perievent rasters for each unit in response to all odor concentrations using
NeuroExplorer v4 (Plexon Inc.). M. sexta PNs have 3 easily identifiable phases of response, brief
inhibition (I1), excitation (E) and a post excitation inhibitory phase of variable length (I2) that
local interneurons do not possess (Waldrop et al 1987; Christensen et al., 1998; Heinbockel et
al., 1999). Therefore, we can confirm with a high-degree of certainty that a neuron is a PN based
on the presence of I1, E, and I2, but the absence of these phases is not enough to definitively
confirm that we recorded an LN. Therefore, neurons lacking the I1, E, and I2 phases were
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categorized as ‘putative’ LNs, and we can’t rule out that some may be PNs with non-traditional
odor-evoked responses. Using these criteria, units were assigned to two groups, PNs and putative
LNs. Custom Matlab scripts were used to extract the length of I1, E and I2 for all PNs. Scripts
also calculated the response integral (defined as the area under the curve during the excitation
phase) for every neuron. For LNs, the script extracted either the length of inhibition, the length
of excitation, or the length of rebound excitation of each neuron (depending on the type of
response produced), and then determined the response integral for any excitatory phase. The
firing rate of each neuron was determined by analyzing the number of odor-evoked spikes
elicited by each pulse of odor during the excitation phase of each neuron type.
The effects of modulator treatments were analyzed for all individual units. For all
measures, responses were normalized within modulator treatment (the saline wash immediately
preceding and following each individual modulator treatment). Stability of units across
treatments was determined using both the peak/valley ratio of the waveform, and the mean
interspike interval (ISI) was calculated for every neuron’s spontaneous activity across treatment
to quantify its firing rate. Each modulator treatment was compared to the saline wash
immediately preceding and following it. Responses were tested for normality using the
D’Agostino-Pearson Omnibus Test, and if normal a 1-way ANOVA with Bonferroni correction
run, if not-normally distributed a Friedman’s test with a Dunn’s multiple comparison test to test
whether the neuron’s spontaneous activity differed across saline and modulator treatment. ISI of
spontaneous activity of all units was not significantly different across all washes (1-way
ANOVA, Friedman test, Dunn’s multiple comparison test, all treatments not significantly
different (n.s.) than each other; Supp. Figure 1A). Control experiments were also performed to
assess the stability of odor-evoked activity across time. In these experiments, AL neurons were
recorded in only physiological saline bath application across 3 ‘treatment’ washes. Response
averages to all concentrations of odor were not significantly different across all saline washes (1way ANOVA, Friedman test, Dunn’s multiple comparison test, all treatments not significantly
different (n.s.) than each other), demonstrating that this technique allows for stable recording of
AL units over time (Supp. Figure 1B). There was a significant difference between Saline 2 and
Saline 3 at [1:100] (1-way ANOVA, Friedman test, Dunn’s multiple comparison, p<0.05; Supp.
Figure 1B), therefore for all measures, responses that compare 5-HT, DA or 5-HT+DA to
control conditions were compared to the saline wash immediately preceding and following the
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modulator wash. Dose response curves for sensitivity experiments were calculated from the
neuron’s response integral to increasing odor concentrations. The slope of this curve was
calculated to determine if modulators affected the gain of individual neurons. The duration of
three phases of PN responses, I1, E (excitation phase of the response) and I2, was compared
across modulator treatments to determine the modulators affect the temporal fidelity with which
PNs can encode odor information. This analysis was performed using custom Matlab scripts and
GraphPad Prism v6 (GraphPad Software, Inc.) for all other statistical analyses.
Results:
Previous work on ensembles of insect AL neurons (Riffell et al 2013; Dacks et al 2008;
Dacks et al., 2012) did not attempt to distinguish the effects of modulation on each functionally
distinct class of principal AL neurons. Here, we take a unique approach to assess the effects of
modulators on distinct functional classes of AL neurons. After spike sorting, we took advantage
of characteristic differences in odor-evoked activity of two principal neuron types to sort our
units into two groups: PNs and putative LNs. In M. sexta projection neurons have 3 easily
identifiable phases of odor-evoked response, brief inhibition (I1), excitation (E) and a post
excitation inhibitory phase of variable length (I2) that LNs do not possess (Waldrop et al 1987;
Christensen et al., 1998; Heinbockel et al., 1999; Figure 1C). I1 is mediated by Cl- and is
abolished by GABAa antagonists. However, the mechanism underlying underlying I2 is not
fully understood. It is likely due to either intrinsic properties of the PNs themselves or GABAb
mediated based on a few studies: 1) Bicuculine, a GABAa antagonist abolishes I2, however
bicuculine has also been shown to affect K+ channels that mediate after-hyperpolarization in
addition to its effects on GABAa receptors (Khawaled et al., 1999). Furthermore, the reversal
potential for I2 is more negative than that of I1 which demonstrates that I2 is likely mediated by
K+ conductance and not Cl- (and therefore not GABAa mediated). Overall, I2 is likely due to
intrinsic K+ channels or GABAb mediated. (Waldrop et al., 1987; Christensen et al., 1998;
Heinbockel et al., 1999). LNs do not produce I1 and I2 and fall into two categories 1) excited by
odors and 2) inhibited by odors (Figure 1D). Although only PNs have been shown to robustly
and consistently exhibit stereotyped I1 and I2 (Waldrop et al., 1987; Christensen et al., 1998;
Heinbockel et al., 1999), the absence of these phases is not enough to definitively confirm a
recorded neuron is an LN. Therefore, neurons lacking the I1, E, and I2 phases were categorized
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as ‘putative’ LNs, as we can’t rule out that some neurons in this group may be PNs with nontraditional odor-evoked responses. Using these criteria, recorded units were assigned to two
groups, PNs and putative LNs, and the effects of each modulator treatment were assessed based
on this distinction.
Most projection neurons integrate the influence of both 5-HT and DA
The integrated effects of both modulators may follow three distinct possibilities, in which
neurons could be affected by single, both or neither modulators. For example, there may be nonoverlapping populations of neurons selectively affected by 5-HT and DA, populations of neurons
that can or cannot be affected by both modulators, and even completely overlapping populations
simultaneously affected by 5-HT and DA. To determine where along this spectrum AL neurons
lie, we first determined whether both modulators can affect the same functional neuron type,
beginning with PNs. The largest proportion of total PNs (47%) had their odor-evoked firing rate
affected by both modulators (Figure 2A). Subsets of PNs were selectively modulated by 5-HT
alone (18%), DA (23%) alone, and an even smaller subset were unaffected by either (12%)
(Figure 2A). This suggests that most PNs integrate the influence of both 5-HT and DA.
5-HT and DA exhibit variable effects across all projection neurons
Past studies have shown that 5-HT and DA generally increase odor-evoked firing rate of
AL neurons (Dacks et al., 2009; Dacks et al., 2012). However, they also found smaller subsets of
neurons whose firing rate was decreased or unaffected by either modulator. We therefore asked,
of the neurons affected by one or both modulators, how variable are the effects of each
modulator on odor-evoked firing rate. The effects of 5-HT and DA were highly variable across
the PNs recorded with 5-HT increasing and decreasing the firing rate of equal proportions of
PNs, while DA decreased firing rate in a larger proportion of PNs (Figure 2B). The odor-evoked
firing rate of some PNs was unaffected by either modulator (Figure 2B). Interestingly, the
percentage of total PNs that had their odor-evoked firing altered by the simultaneous application
of 5-HT and DA was not proportionally consistent with the number of PNs affected individually
by either modulator (Figure 2B). This suggests that while 5-HT and DA may individually
increase or decrease firing rate in the same neuron, their integrated effects may be non-linear,
suggesting that each modulator likely affects opposing second-messengers or the synaptic input
to that neuron has been altered by both modulators. For example, in some PNs, odor evoked
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firing rate was increased by both DA (1-way ANOVA, Friedman test, Dunn’s multiple
comparison, Saline 1 to DA: p<0.001; DA to Saline 2: p<0.0001; Figure 2C-D), and 5-HT (1way ANOVA, Friedman test, Dunn’s multiple comparison, Saline 1 to 5-HT: p<0.0001; 5-HT to
Saline 2: p<0.0001; Figure 2 E-F). In the same PN, the integrated effects of both 5-HT and DA
still increased odor-evoked firing rate, but the effect was not a linear sum of the individual
effects of the individual modulators (1-way ANOVA, Friedman test, Dunn’s multiple
comparison, Saline 1 to 5-HT+DA: p<0.0001; 5-HT+DA to Saline 2: n.s.; Figure 2G-H).
We then asked, were the effects of each modulator on response integral consistent across
all odor concentrations? For instance, a modulator may only affect responses at certain points
within the response range of a neuron, such that only responses at certain odor-concentrations are
affected. We found that subsets of PNs had their response integral significantly increased by 5HT at the two lowest odor concentrations, (Kruskall-Wallis test, Dunn’s multiple comparison
test, [1:10,000], p<0.01, [1:1000], p<0.001, all other [odor] n.s.; Figure 3A). DA and 5-HT+DA
did not significantly increase response integral in these PNs (Kruskall-Wallis test, Dunn’s
multiple comparison test, all [odor] n.s.; Figure 3A). This suggested that 5-HT may serve to
modulate the sensitivity of those PNs by increasing the strength of response over time. In another
subset of PNs, DA decreased response integral of PNs at low [odor] (Kruskall-Wallis test,
Dunn’s multiple comparison test, [1:1000], p<0.01, all other [odor] n.s.; Figure 3B). 5-HT+DA
decreased this subset of PN response integrals at low [odor] (Kruskall-Wallis test, Dunn’s
multiple comparison test, [1:10,000], p<0.001, [1:1000], p<0.01, all other [odor] n.s.; Figure
3B). While there was a trend for 5-HT to decrease response integral in this subset of PNs, 5-HT
did not significantly decrease response integral in these PNs (Kruskall-Wallis test, Dunn’s
multiple comparison test, all [odor] n.s.). While 5-HT significantly increased PN response
integral in a sub-set of PNs, DA had its strongest effect by decreasing PN response integral at
low odor concentrations. For PNs whose response integral was increased by either 5-HT, DA
attenuates the 5-HT induced increase of response integral when both modulators are applied
together. This suggests that the effect of DA on odor concentration dependent modulation may
dominate when both modulators are integrated.
An efficient way for neurons to avoid saturation and maintain response range is by
modulating the gain (Olsen and Wilson, 2008; Root et al., 2008; Martin et al., 2011; Wang,

72

2012; Lizbinski and Dacks 2018). We therefore asked if either modulator affected the gain of PN
responses by assessing the odor-evoked firing rate of control vs. modulator treatment across all
odor concentrations. If the slope across odor-evoked responses to increasing odor concentrations
differed between control and modulator treatment, it suggests that modulators may alter the
response gain of PNs. While, there was a trend for DA to generally decrease odor-evoked firing
rate, and for 5-HT to generally increase odor evoked firing rate across all PNs, there was no
significant change to the slope for either DA (ANCOVA: F= 0.449194, DFn=2, DFd= 174, P=
0.6389; Figure 3C), 5-HT (ANCOVA: F= 0.392765, DFn=2, DFd= 186, P= 0.6757; Figure 3D)
or both modulators at any odor concentration (ANCOVA: F= 2.34048, DFn=2, DFd= 174, P=
0.09931; Figure 3E). Therefore, when averaged across all PNs, there was no detectable change
in gain by any modulator.
5-HT and DA target distinct phases of odor-evoked responses of projection neurons
Next we determined how variable the effects of each modulator were on specific phases
of PN odor-evoked responses. PNs have a stereotyped brief inhibitory phase called I1 that is a
GABAa mediated increase in Cl- conductance (Waldrop et al., 1987; Christensen et al., 1998;
Heinbockel et al., 1999). This brief inhibition is due to polysynaptic, lateral inhibition by
inhibitory LNs synapsing onto PNs (Waldrop et al., 1987; Christensen et al., 1998; Heinbockel et
al., 1999). Changes to the I1 phase results in how long a PN exhibits an ‘excitatory’ odor evoked
response, and therefore any modulatory effect on the I1 phase would have an effect on response
timing. We determined whether this inhibitory phase is sensitive to 5-HT and DA modulation.
The effects of either modulator could vary across two parameters: by odor concentration, as well
as their effect on I1. We found that DA can significantly decreased the length of I1 at multiple
odor concentrations (Kruskall-Wallis test, Dunn’s multiple comparison test, [1:10,000], p<0.05;
[1:1000], n.s.; [1:100], p<0.05; [1:10], p<0.05.; Figure 4A). 5-HT significantly decreased I1
length at one odor concentration (Kruskall-Wallis test, Dunn’s multiple comparison test,
[1:1000], p<0.05.; all other [odor] n.s.; Figure 4A). 5-HT also significantly increased I1 in a
different subset of PNs at [1:1000] (Kruskall-Wallis test, Dunn’s multiple comparison test,
[1:1000], p<0.05.; all other [odor] n.s.; Figure 4B). The amount of inhibitory input a cell
receives alters the amplitude of I1 (Heinbockel et al., 1999), suggesting that 5-HT likely alters
the length of I1 by changing the amount of inhibitory drive onto PNs. The integrated effects of
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5-HT and DA increased the length of I1 at the highest and lowest odor concentrations (KruskallWallis test, Dunn’s multiple comparison test, [1:10,000], p<0.05.; [1:10], p<0.05.; all other
[odor] n.s.; Figure 4B). This suggests that the combined effects of both modulators exhibit
complex effects on GABAergic mediated lateral inhibition onto PNs. Overall, DA appears to
modulate how quickly PNs respond to odors by decreasing the length of I1, while 5-HT had
opposite effects on I1 depending on the PN and odor concentration. This suggests that this
GABAa dependent form of inhibition is differentially sensitive to each modulator with DA
playing a strong role in modulating response timing.
Due to the distinct effects of 5-HT and DA on the I1 phase of PNs, we asked whether
both modulators differentially affect the post-excitation inhibitory phase of PNs called I2. I2 is
likely an intrinsic property of PNs mediated by K+ channels, causing delayed hyperpolarization
that prevents PNs from exhibiting rapid succession of excitatory responses (Waldrop et al., 1987;
Christensen et al., 1998; Heinbockel et al., 1999). Therefore modulating I2 affects the fidelity
and timing by which PNs can encode the temporal dynamics of odor stimuli. We found that DA
significantly decreases I2 at the highest odor concentration (1-way ANOVA, Bonferroni’s
multiple comparison test; [1:10], p<0.0001; all other [odor] n.s.; Figure 4C), while 5-HT alone
(1-way ANOVA, Bonferroni’s multiple comparison test; all [odor] n.s.; Figure 4D) and 5HT+DA (1-way ANOVA, Friedman test, Dunn’s multiple comparison test; all [odor] n.s; Figure
4E), have no significant effect on I2. This further supports that DA modulates the odor-evoked
response timing of PNs by decreasing the length of both inhibitory phases, I1 and I2.
Since we found that DA appears to modulate the timing of PN responses by decreasing
the duration of I1 and I2, we asked whether either modulator affected another temporal feature of
PN responses, response duration or the duration of the excitatory phase. We found that DA did
not significantly alter response duration (1-way ANOVA, Bonferroni’s multiple comparison test,
n.s. across all [odor]; Figure 4D), but at the lowest odor concentration, 5-HT significantly
increases the response duration of PNs (1-way ANOVA, Bonferroni’s multiple comparison test,
[1:10,000], p<0.05, all other [odor] n.s.; Figure 4E). 5-HT+DA together had no significant effect
on response duration (1-way ANOVA, Bonferroni’s multiple comparison test, n.s. across all
[odor]; Figure 4H) This 5-HT mediated increase in response duration, much like the 5-HT
mediated increase in response integral (Figure 3A) may serve to increase the sensitivity of AL
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neurons and increase detection thresholds at low concentrations of odor. The increase in response
duration by 5-HT was lost when both modulators were applied together, suggesting that DA
masks the effect of 5-HT on certain features of odor-evoked responses of PNs. Altogether, the
DA mediated decrease of both I1 and I2 length (Figure 4A and 4C) suggests that DA may be
modulating temporal features of PN responses. The 5-HT mediated increase in response duration
(Figure 4G), response integral (Figure 3A), and general increase in firing rate across all odor
concentrations (Figure 3D) suggests that 5-HT mediates changes in PN sensitivity by increasing
the strength and duration of odor-evoked responses. Overall, these results demonstrate that 5-HT
and DA target distinct phases of odor-evoked PN responses.
Local interneurons integrate the influence of both 5-HT and DA, but the highest proportion
are selectively modulated by 5-HT alone
We then determined whether both 5-HT and DA could affect the same LN. Interestingly,
the largest proportion of total putative LNs (37%) had their odor-evoked firing rate affected by
5-HT alone (Figure 5A). Smaller subsets of LNs were selectively modulated by DA alone
(18%), both modulators (15%), and a large subset were unaffected by either modulator (30%)
(Figure 5A). This suggests that while some LNs integrate the influence of both 5-HT and DA,
more LNs are selectively modulated by 5-HT. This further suggests that 5-HT may be selectively
modulating lateral input to other AL neurons. We then asked how variable the effects of 5-HT
and DA on odor-evoked firing rate across the entire population of LNs. We did this across both
response types of LNs; LNs exhibit either odor-evoked excitation, or odor-evoked inhibition
followed by rebound excitation (Figure 1D). Across all LNs recorded, both 5-HT and DA had
variable effects on firing rate, with each modulator capable of either increasing or decreasing
odor-evoked firing rate during pure excitation or rebound excitation depending on the LN
(Figure 5B). In some LNs, rebound excitation was increased by both DA (1-way ANOVA,
Dunn’s multiple comparison test, control saline to DA, p<0.0001; DA to control saline, not
significant (n.s.)); Figure 5C-D), and 5-HT (1-way ANOVA, Bonferroni’s multiple comparison
test, control saline to 5-HT p<0.001; 5-HT to control saline, p<0.0001; Figure 5E-F). In the
same LN, the integrated effects of both 5-HT and DA resulted in decreased rebound excitation,
demonstrating that the integrated effects of both modulators can be subtractive (1-way ANOVA,
Bonferroni’s multiple comparison test, control saline to 5-HT+DA, p<0.0001; 5-HT+DA to
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control saline, n.s.; Figure 5G-H). Overall, both 5-HT and DA can have variable effects on LNs,
either decreasing or increasing odor-evoked firing rate on a cell-by-cell basis. Furthermore, both
modulators increase rebound excitation, demonstrating that similar to PNs, 5-HT and DA can
target the same features of odor-evoked responses.
Only 5-HT affects the length of odor-evoked inhibition in local interneurons
Since 5-HT modulated the odor-evoked firing rate of the highest proportion of putative
LNs, we asked whether 5-HT exhibits any distinct effects on odor-evoked inhibition in LNs. We
found that 5-HT alone significantly decreases odor-evoked inhibition in LNs. At [1:1000] and
[1:10], 5-HT significantly decreased the length of odor-evoked inhibition in a subset of PNs
(Kruskill-Wallis test, Dunn’s multiple comparison test, [1:1000], p<0.01; [1:10], p<0.0001; all
other [odor] n.s.; Figure 6A-B). This effect could be due to either direct serotonergic modulation
of LNs, or dis-inhibition due to decreased lateral LN-LN inhibition due to polysynaptic
interactions. DA did not significantly alter odor-evoked inhibition (Kruskill-Wallis test, Dunn’s
multiple comparison test, all [odor] n.s.;Figure 6C-D), and the 5-HT mediated decrease in
inhibition is lost when both modulators are applied simultaneously Kruskill-Wallis test, Dunn’s
multiple comparison test, all [odor] n.s.;Figure 6E-F). Overall, 5-HT alone decreases odorevoked inhibition in LNs, which is attenuated by DA when both modulators are applied together.
This demonstrates that 5-HT and DA can also modulate distinct phases of odor-evoked
responses.
Discussion:
Our results demonstrate that 5-HT and DA alter olfactory processing by modulating both
distinct and shared features of odor-evoked responses. While both 5-HT and DA converge on
many of the same AL neurons, the individual effects of each modulator diverge by targeting
distinct phases of odor-evoked responses. We find that most projection neurons (PNs) integrate
the influence of both 5-HT and DA, while a high proportion of putative local interneurons (LNs)
were selectively modulated by 5-HT alone (although a small subset of LNs were affected by both
modulators). Additionally, both modulators increased or decreased odor-evoked firing rate on a
cell-by-cell basis, demonstrating that the individual effects of 5-HT and DA are variable within
and across both functional cell types. Additionally, when both modulators were applied together,
the effect of one modulator could override the other modulator. This suggests that while both 5-
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HT and DA can converge upon a single response feature, they likely target different 2nd
messengers causing a potential non-linear change to odor-evoked responses. Furthermore, the
changes we observe may be due to direct and/or indirect modulation, to mediate the variable
effects of both modulators that we observe. Altogether, our results suggest that DA modulates
response timing of PNs by targeting intrinsic inhibitory phases of PNs (Figure 7A), while 5-HT
alone may alter PN sensitivity at low odor concentrations by increasing PN response duration
and altering the balance of lateral input via local interneurons (Figure 7B). Our results
demonstrate that while 5-HT and DA simultaneously converge onto single AL neurons, they
diverge by altering different odor-evoked response features (Figure 7C). Finally, past studies
assessed the effects of modulators on populations of neurons by averaging the changes across the
entire ensemble (Dacks et al., 2008; Dacks et al., 2012), effectively collapsing the individual
changes to PNs and LNs together. While this is useful to assess population responses, this does
not allow for in depth analysis of distinct response phases of each neuron. Here, we take a unique
approach to assessing the effect of multiple modulators on the olfactory system by considering
the effects of 5-HT and DA modulation on individual functional cell classes of the AL. Although
the lack of a comprehensive atlas of 5-HT and DA receptor expression in the AL limits our
ability gauge which effects are direct or indirect, our experimental design allows us to assess
general principles of modulatory integration, an under-explored topic in sensory systems.
5-HT and DA physiologically converge on most PNs while 5-HT selectively modulates the
highest proportion of putative LNs
Extrinsic neuromodulation is exerted by neurons that originate in independent networks
and therefore provide information, such as physiological state, based on the activity of other
neural networks (Lizbinski and Dacks, 2018). A number of extrinsic modulatory neurons project
to the AL including two sets of widely projecting neurons releasing 5-HT (Kent et al., 1987;
Dacks et al., 2006) and DA (Dacks et al., 2012). The contralaterally projecting serotoninimmunoreactive deutocerebral neuron (CSDn) (Kent et al., 1987; Dacks et al., 2006) and
dopaminergic arching neurons (DAAR) (Dacks et al., 2012) project widely throughout the brain
and innervate every glomerulus of the AL. However the CSDns and the DAARs project to
different sub-regions within each glomerulus. The CSDns and DAARs neurons target partially
overlapping glomerular regions to interact with LNs and PNs, yet the DAARs extends further
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into the region occupied by ORNs (Lizbinski et al., 2016). This suggested that both 5-HT and
DA may converge onto common targets but also diverge by targeting distinct functional neuron
types in the AL. Here, we find that most PNs integrate the influence of 5-HT and DA, while a
higher proportion of putative LNs are selectively modulated by 5-HT. In vertebrates, DA
mediates presynaptic inhibition of olfactory receptor neurons (ORNs) via activation of inhibitory
D2, thereby reducing olfactory input to mitral and tufted cells (Koster et al., 1999; Hsia et al.,
1999; Berkowicz and Trombley, 2000; Vaaga et al., 2017; Ennis et al., 2001). Based on DA’s
relative distribution with respect to ORNs in M. sexta glomeruli, DA may mediate presynaptic
inhibition similar to vertebrates. Our results demonstrate that across all concentrations of odor,
DA generally decreases odor-evoked responses of PNs (Figure 3E), suggesting the reduction in
PN responses we observe may be partially mediated by reduced ORN input to PNs, implicating a
potential role for DA in presynaptic inhibition. Previous studies report most AL neurons have
their odor-evoked activity enhanced by DA (Dacks et al., 2012). However, this study assessed
the effects of DA across the entire AL neuron population (both LNs and PNs). Therefore, this
discrepancy may be due to the differences in comparing the effect of DA across the entire
population vs. PNs only, and/or we recorded from different sub-populations of neurons that
express different DA receptors.
We find the highest proportion of putative LNs are selectively modulated by 5-HT and
many of our results demonstrate that 5-HT alters lateral interactions to alter AL sensitivity. A
small subset of GABAergic LNs in M. sexta express the 5-HT1a receptor (Dacks et al., 2013),
demonstrating that 5-HT can directly inhibit AL LNs. This is consistent with previous work
showing that presumed LNs grown in cell culture are directly modulated by 5-HT (Mercer et al.,
1996) and that 5-HT enhances a large proportion of AL neurons (Kloppenberg et al., 1999;
Dacks et al., 2008). In M. sexta, serotonergic neurons do not extend far enough distally within
glomeruli into the layer occupied by ORNs (Lizbinski et al., 2016). This suggests that the CSDns
do not synaptically interact with ORNs and is consistent with work in the D. melanogaster AL
showing that the CSDns do not synapse onto ORNs (Coates et al., 2017). However, previous
studies have found that presynaptic inhibition of ORNs is enhanced by 5-HT despite 5-HT
having no direct effect on ORNs (Dacks et al., 2009) and ORNS in D. melanogaster consistently
express the 5-HT2B receptor (Sizemore and Dacks, 2016), suggesting that 5-HT modulates ORN
activity either through lateral interactions or directly via non-synaptic sources. ORNs are
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continuously subjected to the influence of circulating neuromodulators in the hemolymph
(Schendzielorz et al., 2015) and the mRNA for four of the M. sexta 5-HT receptors are expressed
in the antennae, far from the axons of CSD neurons in the AL (Dacks et al., 2006; Dacks et al.,
2013), although it is possible that 5-HT release from the CSDns may act at a distance to
influence ORNs in an as yet unobserved manner. It should be noted that in D. melanogaster,
exogenous application of 5-HT vs endogenous release have opposite effects, resulting in
enhanced and decreased AL responses respectively, suggesting that synaptic vs. non-synaptic
sources of 5-HT may differentially modulate AL activity (Zhang and Gaudry, 2016). Therefore,
future work should determine the contribution of both the synaptic and non-synaptic sources of
neuromodulation within the AL. Overall, while bath application does not allow us to assess the
consequences of directly activating modulatory neurons within the AL, our experimental design
does allow us to assess the general principles of modulatory integration, an under-unexplored
phenomenon in sensory systems.
The effects of individual modulators are variable across AL neurons
A single modulator can exhibit variable effects on odor-evoked activity. For example,
even within the same functional cell class, neurons could have their odor-evoked activity
increased or decreased by a given modulator on a cell-by-cell basis. Here we find that the
individual effects of 5-HT and DA on odor-evoked firing rate were highly variable within
functional neuron type. In PNs, 5-HT both increased and decreased the firing rate of equal
proportions of PNs, while DA decreased firing rate in a larger proportion of PNs. In LNs, both
modulators increased and decreased pure excitation as well as rebound excitation. This suggests
that within both classes, there are subsets of neurons that express different combinations of
inhibitory and excitatory 5-HT and DA receptors, resulting in increased and/or decreased odorevoked firing rate. For example, in D. melanogaster, each AL neuronal class expresses a
different combination of 5-HT receptors (Sizemore and Dacks, 2016). However, any given
receptor is only expressed by a subset of neurons within that class (Sizemore and Dacks, 2016)
which likely contributes to the non-uniform effects of 5-HT. A small subset of GABAergic LNs
within the AL of M. sexta (~24 out of ~180 total LNs) express the inhibitory Ms5HT1A receptor
(Dacks et al., 2013). Furthermore, Ms5HT1B, Ms5HT2 and Ms5HT7 receptor mRNAs are
expressed in the AL (Dacks et al., 2006b; Dacks et al., 2013) as are the mRNAs for the MsDop1,
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MsDop2 and MsINDR receptors (Dacks et al., 2012). However, cell-class specific receptor
expression in M. sexta is still relatively unexplored.
The variable effects of neuromodulation may also be due to the expression of multiple
modulatory receptors by a single neuron within a neuron class. G-protein coupled receptors can
target different second-messengers or target the same second messenger, but in opposing
manners. For example, the 5-HT7 and 5-HT2 receptors affect cAMP and IP3 levels respectively,
while both the 5-HT7 and 5-HT1a receptors affect cAMP levels, but in opposing manners.
Therefore a signal modulator can molecularly converge and/or diverge based on the receptor
types they affect. We find that when both modulators were applied together, many of the
individual effects of each modulator, such as enhancement of firing rate or changes to inhibition
were attenuated and/or non-linear. For example, the percentage of total PNs that had their odorevoked firing altered by the simultaneous application of 5-HT and DA was not proportionally
consistent with the number of PNs affected individually by either modulator. This suggests that
while 5-HT and DA may individually increase or decrease firing rate in the same neuron, their
integrated effects are non-linear and even subtractive. This is likely due to differential receptor
expression, where subsets of AL neurons express receptors which are coupled to opposing
second-messenger cascades. Receptors for 5-HT and DA have the capacity to converge upon the
same biochemical cascades as many couple to adenylyl cyclase to affect cAMP levels (Saudou et
al., 1992; Colas et al., 1995; Mustard et al., 2005). However, the biochemical consequences of
activating 5-HT and DA receptors also have the opportunity to diverge, as the 5-HT1 and 5-HT2
receptor subtypes affect IP3 pathways while DA receptors and the 5-HT7 receptor do not
(Saudou et al., 1992; Mustard et al., 2005). Since there are currently no reliable antibodies to
label for most M. sexta 5-HT and DA receptors, future studies should address the cell-class
specific receptor expression using in situ hybridization. The non-linear effects could also be due
to altered synaptic input to the neurons being recorded. Furthermore, biophysical properties and
response tuning of individual AL neurons further complicate the effects of each modulator.
5-HT and DA modulate shared and distinct odor-evoked phases of projection neurons
Within a single neuron, multiple modulators can affect the same response features or
target distinct features. Here, we demonstrate that 5-HT and DA differentially modulate olfactory
coding by targeting distinct and shared response features of PNs. DA likely modulates response
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timing by decreasing the length of intrinsic inhibitory phases of PNs while 5-HT likely mediates
changes in PN sensitivity by altering lateral input to PNs via LNs, thereby altering the strength
and duration of odor-evoked responses. DA generally decreased the GABAa sensitive I1 phase
of PNs. The amount of inhibitory input a cell receives alters the amplitude of I1 (Heinbockel et
al., 1999). GABAa and mediated inhibition plays an important role in the spatiotemporal
responses of AL neurons by increasing the difference between odor-representations and allowing
AL to track odor-pulses in rapid succession (Wilson and Laurent 2005; Tripathy et al., 2010; Lei
et al., 2009). The importance of a spatiotemporal code in differentiating between molecular
similar and distinct odors has been demonstrated (Daly et al., 2004; Daly et al., 2016), and likely
reflects alterations in lateral interactions between and across glomeruli to enhance contrast. The
I2 phase of PNs affects the fidelity with which PNs can encode the temporal dynamics of odor
stimuli by hyperpolarizing them for long periods of time, thus preventing rapid succession of
excitatory PN responses to odors (Christensen et al., 1998; Heinbockel et al., 1999; Lei et al.,
2009). Previous studies have shown that DA reduced the post-excitation period of spike
suppression in PNs called the I2 phase (Dacks et al., 2012) that typically lasts between 10ms and
1.5 seconds (Christensen et al., 1998). Our results are consistent with this finding, as we found
that DA alone decreases the length of I2. Overall, our results suggest that DA modulates the
response timing of PNs by altering the inhibitory phases of PN responses.
At low odor-concentrations, PN response duration and response integral was increased by
5-HT alone. This effect is likely mediated in part by decreased indirect inhibition from LNs onto
PNs, allowing for a longer, stronger response. The 5-HT mediated increase in response
duration/integral and general increase in firing rate across all odor concentrations suggests that 5HT likely mediates changes in sensitivity, increasing the duration of PN responses at low odor
concentrations. The effects of 5-HT on PNs were also largely concentration specific, however
only a small proportion of PNs had their odor-evoked firing rate selectively modulated by 5-HT.
This suggests the increase in PN response duration is mediated by changes to the synaptic input
(via LNs) to that PN.
5-HT and DA converge on the same feature of odor-evoked responses in local interneurons
but may modulate it via distinct mechanisms
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We found that while both 5-HT and DA can affect the same features of odor-evoked
responses, they may do so via distinct mechanisms. For example, rebound excitation in LNs was
modulated by both 5-HT and DA (multiple modulators converging onto a single response
feature), but 5-HT alone decreased odor-evoked inhibition in LNs. Rebound excitation is
common across species and neuron type (Homberg 1984; Mulloney & Selverston 1974, Satterlie
1985; Bertrand and Cazalets, 1998; Johnson & Getting 1987) and is mediated by ion channels
that become active at a membrane potential below rest. If a neuron is hyperpolarized, these
channels open and when inhibition is relieved, the neuron will depolarize past rest, potentially
increasing the firing rate (Getting 1989). The strength of rebound excitation can be altered by 1)
modulating Ih or ICaT channels directly and/or 2) altering the amount of inhibition exerted upon
the LN, and therefore the probability that Ih or ICaT channels will open. 5-HT decreased the
duration of odor-evoked inhibition in LNs potentially increasing rebound excitation by altering
the length of inhibitory drive a given LN has onto other LNs. DA on the other hand did not affect
the duration of odor-evoked inhibition and therefore likely affected post-inhibitory rebound by
directly altering the channels intrinsic to LNs. In vivo studies of cultured honeybee AL neurons
demonstrate that DA modulates two Ca2+ dependent K+ currents (IKC); DA reduces a slowly
activating outward conductance (IKCsustained) and, reduces a rapidly activating outward
conductance (IKCtransient), thereby altering the excitability of AL neurons (Perk et al., 2006). In the
stomatogastric ganglion of crustaceans, DA modulates a voltage sensitive transient K+ current,
resulting in increased rebound excitation in the presence of DA (Harris-Warrick et al., 1995;
Kloppenburg et al., 1999). While the effects of DA on K+ currents are unknown in M. sexta,
modulation of intrinsic conductances could explain the DA mediated increase in post-inhibitory
rebound.
Physiologically, bath application of 5-HT reduces two K+ conductances, a sustained IKVlike conductance and a more transient IA-like conductance, and lowers the voltage of inactivation
for the IA-like conductance in PNs (Kloppenburg et al., 1999) and cultured LNs (Mercer et al.,
1995). As a consequence, the resistance (and therefore the excitability) of LNs and PNs is
increased by 5-HT (Kloppenburg and Hildebrand, 1995) and the odor-evoked responses of some
AL neurons is also increased (Kloppenburg et al., 1999; Dacks et al., 2008). We found that the
large majority of LNs had their odor-evoked activity modulated by 5-HT, with a strong effect on
increased odor-evoked firing at low odor-concentrations. This suggests that complex LN-LN
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interactions may be modulated by 5-HT to alter the mix of excitation/inhibition onto PNs. At low
odor-concentrations, PN response duration and response integral was increased by 5-HT alone.
This effect is likely mediated in part by decreased indirect inhibition from LNs onto PNs,
allowing for a longer, stronger response. Other studies have demonstrated that 5-HT increases
the slope of odor-evoked responses as a function of odor concentration (Dacks et al., 2008),
suggesting that 5-HT modulates the gain of the AL. We did not detect changes in gain by either
modulator which is likely a result of how our responses were quantified. Past studies assessed the
effects of modulators on populations of neurons by averaging the modulator’s effect across the
entire ensemble, effectively collapsing changes to PNs and LNs together. Our approach assesses
the effects of each modulator on each functional cell type, LNs and PNs, separately. Thus, while
5-HT may increase the gain of AL neurons across the entire population, we were unable to detect
a significant change in slope across odor-concentrations. Although we did not detect changes in
gain, our results along with previous work on 5-HT modulation in the AL (Dacks et al., 2008)
suggest that 5-HT modulates the sensitivity of AL neurons. Our results along with the findings
from Dacks et al., 2008 suggest that 5-HT modulates the sensitivity of AL neurons by 1)
selectively altering the length of odor-evoked inhibition of LNs and 2) increasing the response
duration of PNs, likely due to relieved inhibitory drive onto PNs.
Physiological context of multiple modulator release
5-HT and DA are likely released under different behavioral contexts (Kloppenburg and
Hildebrand, 1995; Dacks et al., 2008; Kloppenburg and Mercer, 2008; Dacks et al., 2012). For
example, the levels of 5-HT in the ALs of M. sexta fluctuate throughout the day peaking at dawn
and dusk (Kloppenburg et al., 1999), when M. sexta perform the majority of their odor-guided
behaviors (Lingren et al., 1977). Furthermore, injection of 5-HT into cabbage looper moths
broadens the range of the day in which male moths will fly to female pheromone (Linn and
Roelofs, 1986). This suggests that the release of 5-HT by serotonergic extrinsic neurons is at
least, in part, regulated by the waking state. Within the AL of M. sexta, DA is associated with the
context of aversive stimuli, as DA receptor antagonists injected into the AL block aversive
(Dacks et al., 2012), but not appetitive conditioning (Riffell et al., 2013). In mosquitos,
manipulating D1 receptors using D1 receptor antagonists, D1 receptor specific RNAi, and whole
body CRISPR-Cas9 against D1, suppressed olfactory learning (Vinauger et al., 2018).
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Specifically, for RNAi experiments, D1 receptor manipulation affected mosquitoes’ ability to
learn aversive information but did not affect innate olfactory behavior. This evidence, along with
behavioral basis of DA and aversion in M. sexta (Dacks et al., 2012), demonstrates that DA
likely operates in the context of aversion. Both the AL and the mushroom bodies, the center for
learning and memory in insects, likely mediate this aversion, as dopamine plays a central role in
olfactory learning (Unoki et al., 2005; Schwaerzel et al 2003; Kim et al, 2007; Schroll et al.,
2006).
The complexity of modulatory integration we observe here is likely conserved within the
olfactory system of many species as the potential for convergent modulatory influence is present
in the olfactory system of both invertebrate and vertebrates (Lizbinski and Dacks, 2018). Most,
if not all insect glomeruli receive input from multiple extrinsic sources that release 5-HT (Kent et
al., 1987; Rehder et al., 1987; Salecker and Distler, 1990; Sun et al., 1993; Wegerhoff, 1999; Hill
et al., 2002; Dacks et al., 2006a; Roy et al., 2007), DA (Dacks et al, 2012), and octopamine
(Dacks et al., 2005; Sinakevitch et al., 2005; Sinakevitch and Strausfeld, 2006). Furthermore,
AL LNs release a heterogeneous mix of GABA and neuropeptides (Carlsson et al., 2010;
Kromann et al., 2013; Siju et al., 2013; Lizbinski et al 2018), that modulate olfactory processing
within the context of previous and ongoing network processing. The mechanisms by which
single olfactory neurons integrate multiple modulators are highly complex, with subsets of AL
neurons employing multiple strategies of convergence and divergence of single modulators. This
is further complicated when multiple modulators converge onto a single neuron. Our work
demonstrates that, while both 5-HT and DA converge on many of the same AL neurons, the
individual effects of each modulator diverge by targeting distinct phases of odor-evoked
responses to mediate network-wide changes in olfactory processing under different physiological
contexts.
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CHAPTER 4
Systematic analysis of transmitter co-expression reveals organizing principles of olfactory
local interneuron heterogeneity
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Summary:
Historically, neurons were categorized based on morphology or location within the
network. However, each neuronal class can be surprisingly heterogeneous in their synaptic,
biophysical and transcriptional profiles (Cohen et al., 2015; Eddine et al., 2015; Okaty et al., 2015;
Li et al., 2017). This is true across species and brain regions, leading to the identification of
numerous LN subtypes within cortex (Flames and Marín, 2005; DeFelipe et al., 2013; Yavorska
and Wehr, 2016), hippocampus (Maccaferri and Lacaille, 2003), and spinal cord (Gabitto et al.,
2016; Sweeney et al., 2018). The parameters used to sub-categorize neurons are often partially
overlapping across sub-types. For example, two spinal interneuron populations, which support
different motor output (limb vs. thoracic) can be distinguished, and further subdivided, based on
transcription factor expression profile (Sweeney et al., 2018). Similarly, 13 distinct groups of
GABAergic cortical interneurons exhibit partially overlapping expression of multiple
neuropeptides and modulators (Gonchar et al., 2007). Thus, attempting to assign a unified role to
a population of neurons based on single markers is misleading. So how do we make sense of this
heterogeneity?
To determine the organizing principles that govern neuronal heterogeneity it is critical to
use a combinatorial approach, which takes multiple parameters, like transmitter co-expression,
into consideration. Here, I take advantage of the numerically simple insect olfactory system to
make sense of within cell class heterogeneity. Much of the computational capacity of the olfactory
system is mediated by LNs that refine the transfer of information between ORNs and PNs. Local
interneurons (LNs) are the main source of intrinsic modulation in the antennal lobe and perform
many tasks including presynaptic gain control, divisive normalization, lateral excitation and
inhibition, and dynamic control of response range (reviewed in Martin et al., 2011 and Wilson et
al, 2013). LNs are particularly heterogeneous and the insect olfactory system is no exception
(Nässel and Homberg, 2006). As a population, insect LNs are heterogeneous in their morphology,
physiology (Chou et al., 2010; Seki et al., 2010; Reisenman et al., 2011), and transmitter coexpression (Homberg et al., 1990; Berg et al., 2007; Utz et al., 2008; Carlsson et al., 2010; Siju et
al., 2013). Furthermore, in M. sexta, as well as other insects, AL LNs express a combination of
GABA and multiple neuropeptides (Homberg et al., 1990; Schachtner et al., 2004; Utz et al., 2007;
Utz et al., 2008; Reisenman et al., 2011; Fusca et al., 2015). However, it is unknown if certain
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combinations of neuropeptides are consistently co-expressed together, and whether co-expressed
peptides target different populations of neurons due to differences in receptor expression.
Furthermore, there are no correlations between morphology, physiology and GABA expression in
M. sexta LNs (Reisenman et al., 2011) suggesting a high degree of heterogeneity within this
population. Consequently, understanding the functional roles of individual LNs is complex as we
lack a systematic analysis of transmitter co-expression (Nässel, 2018).
In this chapter, I identify the organizing principles of transmitter co-expression in M. sexta
LNs. Using immunocytochemistry and computational modeling, I take a combinatorial approach
to determine the organizing principles of neurotransmitter co-expression in a diverse population
of local interneurons. I first systematically determine the co-localization of neuropeptides and
GABA in LNs and find that single olfactory LNs co-express the small neurotransmitter, GABA
and neuropeptides from at least four families. Neuropeptides were heterogeneously co-expressed
across the entire population. My results argue against clear-cut definitions of neuron subpopulations based on the expression of single neuropeptides. Additionally, the heterogeneity of
transmitter co-expression in AL LNs can be explained in modeling by a few specific co-expression
relationships. This suggested that specific co-expression relationships may shape heterogeneity in
LNs. Finally, to determine the potential consequences of peptide release from LNs, I assessed
neuropeptide receptor expression across the principal neuron types of the antennal lobe (ORNs,
PNs and LNs). I identified the populations of neurons that express neuropeptide and GABAb
receptors and found that all receptors were expressed by input, output and local processing neurons
in the AL. By determining the consistency with which LNs co-express multiple modulators as well
the functional AL neuron classes that express the receptors for these modulators, I determined
which modulators are likely released under the same context (likely the degree of network activity)
and whether they target the same population of neurons. I found that receptors for all neuropeptides
and GABA were expressed by the input, output and local processing cells within the AL. Overall,
my results suggest that activation of olfactory LNs results in a dynamic cocktail of modulators that
have the potential to influence every level of olfactory processing within the AL (Lizbinski et al.,
2018). Broadly, this work provides 1) an atlas of heterogeneous transmitter co-expression in AL
local interneurons 2) putative neuropeptide receptor/GABAb receptor distribution across the
functional neuron types of the olfactory system and finally 3) an analytical tool to assess
heterogeneity in any neural population.
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(this chapter is taken directly from my publication “Lizbinski, K. M., Marsat, G., & Dacks, A. M.
(2018). Systematic Analysis of Transmitter Coexpression Reveals Organizing Principles of Local
Interneuron Heterogeneity. eNeuro, 5(5).”)
Abstract: Broad neuronal classes are surprisingly heterogeneous across many parameters and subclasses often exhibit partially overlapping traits including transmitter co-expression. However, the
extent to which transmitter co-expression occurs in predictable, consistent patterns is unknown.
Here, we demonstrate that pairwise co-expression of GABA and multiple neuropeptide families
by olfactory local interneurons (LNs) of the moth Manduca sexta is highly heterogeneous, with a
single LN capable of expressing neuropeptides from at least four peptide families and few
instances in which neuropeptides are consistently co-expressed. Using computational modeling,
we demonstrate that observed co-expression patterns cannot be explained by independent
probabilities of expression of each neuropeptide. Our analyses point to three organizing principles
that once taken into consideration allow replication of overall co-expression structure: 1peptidergic neurons are highly likely to co-express GABA; 2- expression probability of
Allatotropin depends upon Myoinhibitory peptide expression; 3- the all-or-none co-expression
patterns of Tachykinin neurons with several other neuropeptides. For other peptide pairs, the
presence of one peptide was not predictive of the presence of the other and co-expression
probability could be replicated by independent probabilities. The stochastic nature of these coexpression patterns highlights the heterogeneity of transmitter content among LNs and argues
against clear-cut definition of subpopulation types based on the presence of single neuropeptides.
Furthermore, the receptors for all neuropeptides and GABA were expressed within each population
of principal neuron type in the AL. Thus, activation of any given LN results in a dynamic cocktail
of modulators that have the potential to influence every level of olfactory processing within the
AL.
Significance Statement: Understanding the functional roles of individual local interneurons (LNs)
is complex because traits, like transmitter co-expression, are often partially overlapping across the
population. Here, we find that single olfactory LNs co-express neuropeptides from at least four
individual peptide families, and that GABA and neuropeptides are partially and heterogeneously
co-expressed across the entire population. The stochastic nature of many observed co-expression
patterns argues against clear-cut and exclusive definition of subpopulations based on the
expression of single neuropeptides. Overall, our results suggest that activation of any given LN
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causes the release of a variable combination of neuropeptides and GABA that, based on receptor
expression, target the input, output and local processing stages of olfactory coding.
Introduction:
The historical concept of a cell-type, propelled by the work of Cajal and Golgi, suggests
that distinct functional classes of neurons can be identified based on their morphology. Yet recent
advances in transcriptomics and electrophysiology have revealed that even neurons within a single
cell-type can still be surprisingly heterogeneous in their synaptic, biophysical and transcriptional
profiles (Cohen et al., 2015; Eddine et al., 2015; Okaty et al., 2015; Li et al., 2017). Local
interneurons (LNs) tend to be particularly heterogeneous across many parameters, leading to the
identification of numerous LN subtypes within cortex (Flames and Marin, 2005; DeFelipe et al.,
2013; Yavorska and Wehr, 2016), hippocampus (Maccaferri and Lacaille, 2003) and spinal cord
(Gabitto et al., 2016; Sweeney et al., 2018). For example, two spinal interneuron populations,
which support different motor output (limb vs. thoracic) can be distinguished, and further
subdivided, based on transcription factor expression profile (Sweeney et al., 2018). Similarly, 13
distinct groups of GABAergic cortical interneurons exhibit partially overlapping expression of
multiple neuropeptides and modulators (Gonchar et al., 2007). Thus, parameters used to classify
LN sub-populations can be partially overlapping across functionally distinct sub-populations.
Consequently, attempting to assign a unified functional role to sub-populations based on single
molecular markers or transmitters is misleading. How then, do we reconcile heterogeneity within
cell-types?
To determine the organizing principles that govern neuronal heterogeneity it is critical to
use a combinatorial approach, which takes multiple parameters, like transmitter co-expression,
into consideration. The insect antennal lobe (AL), analogous to the olfactory bulb, is an excellent
system in which to approach this problem due to the wealth of information on local interneuron
physiology, morphology and transmitter content combined with its relative numerical simplicity.
The olfactory system detects and transforms odor input into meaningful output ultimately
informing an animal’s choice to mate, seek food, or avoid predators (Ache and Young, 2005).
Odorants are first detected by olfactory receptor neurons (ORNs) which synapse onto projection
neurons (PNs) within sub-structures called glomeruli that form an odor-topic map within the AL.
The input/output relationship between ORNs and PNs is refined by a diverse population of LNs
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that transform odor information via a variety of mechanisms (Wilson, 2013). In Manduca, LNs
are primarily inhibitory (Christensen et al., 1993), broadly tuned to odorants, exhibit both
inhibitory and excitatory responses, and are highly morphologically and physiologically diverse
(Hildebrand et al., 1992; Reisenman et al., 2011). However, there are no correlations between
morphology, physiology and GABA expression in Manduca LNs (Reisenman et al., 2011)
suggesting a high degree of heterogeneity within this population. Furthermore, in Manduca, as
well as other insects, AL LNs express a combination of GABA and multiple neuropeptides
(Homberg et al., 1990; Schachtner et al., 2004; Utz et al., 2007; Utz et al., 2008; Reisenman et al.,
2011; Fusca et al., 2015). Consequently, understanding the functional roles of individual LNs is
complex as we lack a systematic analysis of transmitter co-expression (Nässel, 2018).
We used the olfactory system of Manduca to determine if sub-classes of LNs have common
transmitter profiles. We characterized each pair-wise co-expression pattern for GABA and five
neuropeptides, and found that although almost all peptidergic LNs co-express GABA,
neuropeptide co-expression is heterogeneous across LNs. Using computational modeling, we
demonstrate that many co-expression patterns cannot be explained by independent probabilities of
expression of each peptide, highlighting that certain pairs of peptides co-occur more (or less) often
than by chance. For other pairs, the presence of one peptide was not predictive of the presence of
the other, and co-expression probability could be replicated by independent probabilities. The
stochastic nature of these co-expression patterns highlights the heterogeneity of transmitter content
among LNs and argues against clear-cut and exclusive definition of subpopulation types based on
the presence of a single neuropeptide. One possible explanation for this heterogeneity is that
principal cell classes within the AL express different GABA and neuropeptide receptors. This
would segregate the influence of each modulator across different cell types (Nusbaum et al., 2001;
Tritsch et al., 2016; Nusbaum et al., 2017) as is the case for the clock network of Drosophila (Liang
et al., 2017). However, this is not likely to be the case here, as all neuropeptide and GABA B
receptors were expressed within every cell class of the AL (ORNs, PNs and LNs). Overall, our
results suggest that activation of any given LN likely releases a variable combination of peptides
and GABA to potentially influence every cell class within the AL.
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Materials and Methods:
Animals: Manduca sexta were raised at West Virginia University as previously described (Bell
and Joachim, 1976; Daly et al., 2013). Equal numbers of unmated adult males and female moths
were pooled for all data.
Immunocytochemistry: Brains were dissected in physiological saline (Christensen and Hildebrand,
1987), fixed in 4% paraformaldehyde overnight at 4◦C, embedded in 5% agarose to be sectioned
at 100µm using a Leica VT 1000S vibratome. Sections were washed in PBS with 1% triton X-100
(PBST), blocked in PBST and 2% IgG free BSA (Jackson Immunoresearch; Cat#001-000-161)
and then incubated in blocking solution with 5mM sodium azide and primary antibodies. For all
rabbit-neuropeptide/mouse-GABA protocols, sectioned tissue was incubated for 48 hours at
dilutions of 1:3000 and 1:500 respectively. Sections were then briefly washed with PBS, PBST,
cleared with ascending glycerol washes and then mounted on slides with Vectashield (Vector
Laboratories; Cat#H-1000). All neuropeptide antibodies used in this study were raised in rabbit.
For protocols in which we labeled with two antisera raised in rabbit, we used APEX Antibody
Labeling Kits 488, 555, 647 (Invitrogen;Cat #s A10468, A10470, A10475, respectively) to directly
attach a fluorophore with excitation/emission spectra at different wavelengths to each primary to
avoid cross-labeling from a secondary antibody (Bradley et al., 2016). Using the resin tip from the
APEX kit, a small amount of the antibody (10-20µg) was pushed through the resin using an elution
syringe and the reactive dye was prepared using DMSO and a labeling buffer (Solutions provided
in APEX kit). The reactive dye was eluted through the tip onto the antibody remaining in the resin
to covalently bond the fluorescent label to the IgG antibodies. The tip was incubated overnight
4◦C or at room temperature for 2 hours and the labeled product was eluted through the tip.
Resulting labeled antibody volume of 50uL in a total volume of 2400ul was used to label 6 brains
at equal dilution of 400ul per well and incubated for 72 hours in 3% triton X-100 with PBSAT.
Sections were then washed and mounted as above.
Antibody Characterization: Specificity controls (including pre-adsorption controls) for the ASTA, Mas-AT, TK, and MIP antibodies in Manduca brain tissue are described completely in
(Lizbinski et al., 2016). GABA pre-adsorption controls in Manduca AL tissue for the mouse
GABA antiserum are described in (Bradley et al., 2016). The antibodies used in this study likely
cross-react with several isoforms within the same peptide family. Thus, our results can only resolve
principles at the level of peptide family and not individual peptide isoforms.
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GABA- The GABA antibody (Sigma Aldrich, cat # A2052) was raised in rabbit against GABA
coupled to BSA with paraformaldehyde.
MIP- Antiserum raised in rabbit against MIP conjugated to thyroglobulin was produced by M.
Eckert, Jena Germany and provided by C. Wegener, Marburg Germany (Predel et al., 2001).
(RRID: AB_2314803).
Mas-AT -Antiserum raised in rabbit against Manduca allatotropin (Mas-AT) was kindly provided
by Dr. J. Veenstra, University of Bordeaux, Talence, France; (Veenstra and Hagedorn, 1995).
(RRID: AB_2313973)
AST-A-

Antiserum

was

raised

(Reichwald

et

al.,

1994)

in

rabbit

against

octadecapeptideallatostatin (Pratt et al., 1991), ASB2, (AYSYVSEYKALPVYNFGL-NH2) of
Diploptera punctata and kindly provided by Dr. J. Veenstra, University of Bordeaux, Talence,
France. It recognizes AKSYNFGLamide, a form of AST and other AST-like peptides.
TK- Antiserum raised in rabbit against locust tachykinin II with bovine thyroglobulin with
glutaraldehyde was kindly provided to us Dr. J. Veenstra, University of Bordeaux, Talence,
France. (RRID: AB_2341129)
FMRF- FMRFamide antiserum was raised against synthetic RF-amide coupled to bovine
thyroglobulin with glutaraldehyde and provided by Dr. Eve Marder (Marder et al., 1987). Preadsorption controls of the antiserum against synthetic FMRFamide eliminated labeling in larval
Manduca nervous tissue (Witten and Truman, 1996).

Confocal Microscopy: Image stacks were scanned using an Olympus Fluoview FV1000 confocal
microscope with argon and green and red HeNe lasers. Scans were taken at either 800x800 or
1024x1024 pixel resolution, 1.5 um between optical sections, using both 20x/0,80 Oil UPlanApo
and 40x/1.30 Oil ∞ 0.17/FN 26.5, 80um pinhole size, Olympus lenses. Fluoview (FV10-ASW
Viewer software(Ver.4.2b)) was also used to set brightness levels and Corel Draw X4 was used to
organize figures.

Cell counts and co-expression: Images of immunostained brains were exported as .tiff stacks in
Fluoview software. Stacks were then imported into VAA3D software (available at
www.vaa3d.org/) (Peng et al., 2010) to determine individual cell counts and co-expression cell
counts. The number of local interneurons in the lateral cell cluster that express each transmitter

107

were counted in VAA3D (n=6 brains per label combination, 3 brains per sex). We used cell body
size, and location within the lateral cell cluster to distinguish between LNs and PNs (Homberg et
al., 1988). The average and standard deviation of number of cells per AL that expressed a given
transmitter were calculated for each combination. Wilcoxon rank sum tests were performed using
Graph Pad Prism v.5.01 (Graphpad Software Incorporated) to determine if there was any
significant difference between the left and the right AL for each brain. Co-expression ratios were
determined by dividing the number of cells expressing both an individual neuropeptide and GABA
by the total number of cells expressing just the neuropeptide and calculated in Excel. Neuropeptide
co-expression ratios were determined in the same manner for every possible pairwise combination
using data from peptides stained using the APEX kits. FMRF/MIP co-expression ratios were not
calculated as the APEX kits labeled significantly less MIP neurons than all other runs and therefore
the ratios would not have reflected accurate co-expression. Thus, FMRF/MIP co-expression was
not used in subsequent models or computational analysis as neither a constraint nor a relationship
to replicate. All other neuropeptide/neuropeptide co-expression experiments labeled an accurate
# of cell bodies when compared to cell counts from GABA/neuropeptide runs using indirect
immunocytochemistry. Cell count totals and standard deviations from APEX kit labeling (Figure
2) were used in all model iterations, as co-expression ratios were calculated using that data.

Putative neuropeptide receptor sequence BLAST: We used receptor sequences from closely related
invertebrate species to identify putative sequence homologs on Manduca scaffolds. Protein
sequences from Drosophila melanogaster and other closely related species were identified by
annotation (see Table 2) and queried against the Manduca genome using tblastn (National
Agricultural Library, i5k initiative https://i5k.nal.usda.gov/Manduca_sexta). Top matches to each
receptor sequence in Manduca were subsequently queried against the NCBI nr database to confirm
their putative annotation as Manduca receptor homologs. These sequences were used for primer
design for RT-qPCR analysis of putative neuropeptide receptor expression in the antennae, medial
and lateral cell clusters, and brain. Sequences that were previously identified in Manduca for MasATr and RpS3 (Jiang et al., 1996; Horodyski et al., 2011) were downloaded as FASTA files from
NCBI (http://www.ncbi.nlm.nih.gov/gene/?term=) and used to design RT-qPCR primers. Open
reading frames were established using ORF Finder at http://www.ncbi.nlm.nih.gov/projects/gorf/.
A recent study partially annotated the Manduca genome (Kanost et al., 2016). We used the
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Manduca raw sequence, and assembled genome sequence at

NCBI Assembly ID

GCA_000262585 from Kanost (http://www.ncbi.nlm.nih.gov/assembly/GCA_000262585.1)
(Kanost et al., 2016) and identified the sequence IDs for each of the transcripts in question (Table
1). None of the putative receptor sequences are currently annotated in NCBI Assembly ID
GCA_000262585.

Primer design: Open reading frame nucleotide sequences for each receptor, as established above,
were used as the basis for primer design for RT-qPCR. Primers were designed using
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi and checked for optimal
conditions using OligoAnalyzer 3.1 (https://www.idtdna.com/calc/analyzer). Primers and
amplicons were then run through a BLAST of the Manduca genome to determine if they matched
to the specified sequence and to rule out potential priming mismatches with other parts of the
genome. Table 2 lists primer sequences and annealing temperatures. All primers used for RTqPCR amplified a 90-125bp stretch of sequence.

Real Time (RT) qPCR: Antennae, medial cell clusters, lateral cell clusters and brains were collected
from 2-6 day old, unmated, naive adult Manduca and RNA was extracted using a TRIzol reagent
(Molec. Research center Cat# # TR 118). Equal numbers of pooled males and females were used
for each biological tissue sample for a total of 3 biological samples for each tissue type (n=3
antennae; n=40 medial cell clusters from 20 brains; n = 40 medial cell clusters from 20 brains; and
n= 2 brains). We used the 40s ribosomal protein s3 (RpS3) as our reference gene. RpS3 expression
values were consistent across biological replicates. RNA was treated with TURBO DNA-free™
Kit (ThermoFisher Scientific Cat# AM1907) to prevent genomic DNA contamination and cDNA
was synthesized using the SuperScript® IV First-Strand Synthesis System (ThermoFisher
Scientific Cat#18091050). We performed RT qPCR with the BioRad CFX Connect Real-Time
System (Cat #1855201) to determine the relative expression of putative neuropeptide receptors
across our tissue samples. Individual samples were prepared by combining prepared cDNA
sample, [100um] forward and reverse primers, SsoFast EvaGreen Supermix (BioRad Cat #
1725200) and nuclease free diH20 to a volume of 10ul. RT- samples, no template controls (NTCs)
and positive controls with Manduca genomic DNA from the brain were run for every plate. RTand NTC had no amplification for all receptors and sample types run at 58.3˚C (See Table 3).
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Optimal annealing temperatures were determined through a gradient test on genomic DNA to
ensure qPCR on cDNA was performed at optimal temperature. All primer sets, including the
reference gene, RpS3, were run using the following protocol (95oC 2 minutes, (95oC 5 seconds->
58.3oC 30 seconds) x 39 cycles, 65.0oC 5 seconds stepped up to 95oC) except for Mas-ATr primers,
which were annealed at a temperature of 52oC. All samples for RpS3 were run again at 52˚C to
ensure accurate calculation of relative expression values for Mas-ATr. Cq values for ANTa
(antennae sample a), Mb (Medial cell cluster sample b) and NTC sample for the RpS3 run at 52˚C
were high (see Table 3). However, amplification curves revealed that there were no sharp
amplification peaks and thus, high Cq values were due to noise not contamination. High Cq values
with non-descript peaks for RpS3 NTCs run at 52˚C were considered 0 for ANTa, Mb and NTC
when calculating relative expression.

qPCR relative expression analysis: Raw qPCR data can be found in Table 3. Delta Ct (CtreceptorCtreference gene) values were calculated for each receptor using RpS3 Ct values as the reference gene,
and averaged across all biological replicates for brain, lateral cell cluster, MCC and antennae tissue
samples. Relative expression levels (2−ΔCT) were calculated for all receptors. Ct values less than or
equal to 37 were considered non-detectable. All graphical representations for receptor qPCR were
performed in GraphPad prism (v. 5.01).

Computational analysis of transmitter co-expression: We wrote a MATLAB (Naticks MA)
program to determine if our observed transmitter co-expression data could be replicated by
independent probabilities of expression of each transmitter. Given the known total number of LNs
in the lateral cell cluster, and the total number of LNs expressing each neuropeptide from our cell
counts, the model determines the probability of a given neuron co-expressing two transmitters.
The program is given the average number of cells expressing a given neurotransmitter and then
randomly assigns them to one of the cells in the cluster. The model can thus determine the
probability of pairwise co-expression (i.e. 100% of TK cells express MIP) in the lateral cell cluster
based on chance. Specifically, using our observed data as the backbone of the model, we designed
a matrix with 6 columns, 1 per transmitter type (TK, FMRF, Mas-AT, MIP, AST-A, GABA), with
a row length of 360 long (the total number of LNs in the lateral cell cluster) (Homberg et al., 1988).
Within each column, the model randomly distributes the number of cells that express a given
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transmitter to a row between 1 and 360 (Fig. 3A). For example, if we know that 12 cells within the
lateral cell cluster are TKergic, the model randomly picks 12 numbers between 1 and 360 in the
TK column, and marks that cell as TK positive. The number of cells expressing a certain
neurotransmitter is chosen probabilistically based on the observed average and standard deviation
of the number of neurons that express a given transmitter. With each iteration of the model, the
cells that are assigned as ‘transmitter positive’ within each column are randomized. The model
does this with all respective cell count totals for each transmitter column and then calculates the
percentage each transmitter is expressed with another transmitter based on independent expression
of each transmitter (across all pairwise comparisons). Standard deviation and percentages of coexpression were recorded across 10,000 iterations of the model. We then compared our observed
co-expression percentages to the model’s output to determine if independent probabilities of
expression of each transmitter could explain observed co-expression.

The model described above has no initial assumption about the likelihood of co-expression and
only the overall number of cells expressing each of the transmitter is determined initially. We used
a similar model to determine if assigning dependent co-expression relationships for specific pairs
of transmitters could replicate the co-expression patterns for other transmitter pairs. To do this, we
built certain co-expression relationship explicitly as initial assumptions. For example, if we know
that on average 100% of TKergic cells are also MIPergic, the program explicitly forces 100% of
the cells that are assigned to be TK positive to also be MIP positive. This co-expression
relationship is thus no longer determined based on independent expression probabilities like the
first version of the script, but rather is an initial assumption – a rule. We can then determine if this
rule alone shifts the co-expression of other transmitter types closer to the observed co-expression
percentages. We applied these rules one by one (for a total of 92 different models), for every
pairwise comparison of co-expression and statistically compared the output of the independent
expression model to the output of the rule based model as well as the observed co-expression
patterns we identified with immunocytochemistry. This allowed us to determine if specific coexpression relationships could replicate other co-expression relationships within LNs. The script
was run on a Windows 7 desktop, with an Intel ® Core™ 17-3770 CPU @ 3.4GHz processor, and
a 64-bit operating system.
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Code Accessibility: Custom MatLab scripts available at [URL redacted for double-blind review], at
[URL redacted for double-blind review], or upon request. The code is available as Extended Data.

Experimental Design and Statistical Analysis: The model outputs a predicted percentage of coexpression for every pairwise co-expression relationship. To statistically determine how well the
model replicated observed co-expression %s, we used standard deviation indices (SDIs) to
determine how close the model’s predicted co-expression % is to observed probability of coexpression. Similar to a Z-score, this measure is calculated as follows:
SDI = (Meanmodel – Meanobserved) /stdevgreatest
Where Meanmodel = Mean probability of co-expression of any two given neurotransmitters from
the model e.g. mean % TK co-expressed with MIP
Meanobserved = Mean probability of co-expression of any two given neurotransmitters from the
observed co-expression relationships
stdevgreatest = the greatest standard deviation from either the model or observed data for a given coexpression relationship.
Weighted SDI’s were calculated to reflect the match between data and model for the overall
population of LN by weighting the contribution of each neurotransmitter proportionally to its
prevalence.
Weighted SDI = ∑ ((Meanmodel – Meanobserved /stdevgreatest)*(nco-expressed /ntotal)
For example, there are only 12 TK neurons in a total of 360 LNs, but 142 Mas-AT neurons.
Therefore, predicting the number of Mas-AT neurons vs. TK neurons should carry more weight
when determining the accuracy of each model. Weighted SDIs for each co-expression relationship
(i.e. weighted SDI for the TK/MIP co-expression) were summed across relationships for an overall
measure of the accuracy with which each model iteration replicated observed co-expression
patterns.
SDI values can be interpreted by the following scale: 0: perfect consensus between model and
experimental data; 1: model results are within one standard deviation of experimental data and
thus replicate the data reasonably well; 2: model results are within two standard deviation of
experimental data and thus do not replicate the data accurately. To determine the % improvement
of each model at replicating observed co-expression (Fig 3G), all weighted SDI’s were normalized
with respect to the weighted SDI of the independent expression model using the formula:
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% improvement from “independent-expression” model = (1-(weighted SDIx/ weighted
SDIind))*100
All statistics were performed in GraphPad prism (v. 5.01).
Results:
The antennal lobe (AL) of Manduca is surrounded by 3 cell clusters that house the cell
bodies of projection neurons and LNs. The lateral cell cluster consists of ~950 cell bodies,
including 590 projection neurons and ~360 total LNs (Homberg et al., 1988), of which ~170 are
GABAergic (Hoskins et al., 1986). Manduca LNs are diverse across several traits with no
correlations between physiological properties, morphological properties, or GABA expression
patterns in LNs (Reisenman et al., 2011). We therefore took a systematic approach to determine if
transmitter co-expression could reliably sub-categorize and explain the apparent heterogeneity of
LN cellular properties.
Neuropeptide co-expression is highly heterogeneous
We first determined the pairwise co-expression relationships for GABA and multiple
neuropeptides Tachykinin (TK), FMRFamide (FMRF), Allatotropin (Mas-AT), Myoinhibitory
peptide (MIP) and Allatostatin-A (AST-A) in LNs (Fig. 1A-E). We chose these neuropeptides
because there are available antibodies of sufficient quality, we have performed the proper preadsorption controls for each of them, and finally these neuropeptides have the best functional,
biochemical, and developmental characterization in Manduca as well as other insect species
(Carroll et al., 1986; Blackburn et al., 2001; Skaer et al., 2002; Teal, 2002; Utz and Schachtner,
2005; Utz et al., 2007; Yapici et al., 2008; Ignell et al., 2009; Asahina et al., 2014; Ko et al., 2015).
All moths were naïve and unmated adults, and equal number of males and females were used for
each transmitter combination. Using a paired t-test we found no significant differences between
the left and right lateral cell clusters for all peptides: Mas-AT (t=1.718; df=5; p=0.1465), MIP
(t=0.1056; df=5; p=0.9200), FMRF (t=0.5324;df=5; p=0.6172), TK (t=1.085;df=5; p=0.3276),
AST-A (t=0.6407;df=5; p=0.5499). We also compared counts from male and female moths and
using a paired t-test, we found no significant differences in cell counts between males and females
for MIP (t=1.531; df=2;p= 0.2654) , AST-A (t=0.4187; df=2; p= 0.7161), TK (t=0.0000; df=2;
p=1.0), FMRF (t=0.1220; df=2; p=0.9141). There was a significant difference between males and
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females in Mas-AT expression (t=11.97; df=2; p = 0.0069). Peptidergic LNs predominantly coexpressed GABA (Fig. 1F, Table 1), suggesting that LNs can be broadly subdivided into
GABAergic/peptidergic and non-GABAergic/non-peptidergic LNs. The non-GABAergic LNs
have the potential to be glutamatergic as RT-qPCR on lateral cell cluster mRNA revealed that the
vesicular glutamate transporter (vGLUT) was highly expressed relative to a reference gene (40s
ribosomal protein s3; RpS3, see Table 3 for Cq values). A large population of glutamatergic LNs
in Manduca, in addition to the GABAergic LNs, would be consistent with the organization of the
Drosophila AL (Das et al., 2011; Liu and Wilson, 2013). We then determined the co-expression
ratios (i.e. what percentage of X expressing neurons co-express Y) of every pairwise combination
of TK, FMRF, Mas-AT and MIP (Fig. 2A-G). There were few consistent co-expression patterns,
suggesting that most LNs co-express multiple neuropeptides to a variable degree (Fig. 2 E, G, C).
The exception to this rule was TK which was co-expressed 100% with MIP and never co-expressed
with FMRF and Mas-AT (Fig. 2A, B, D, H). The 12 TKergic LNs were therefore the only LNs
that expressed a consistent transmitter profile. Our results are consistent with other studies of
GABA and peptide expression in Manduca (Hoskins et al., 1986; Homberg et al., 1990; Utz et al.,
2008). Co-expression ratios for each pairwise co-expression relationship (i.e. % of neurons that
co-express X and Y) revealed that apart from TK, neuropeptides were co-expressed to a variable
degree (Fig. 2H).
Computational analysis of transmitter co-expression reveals that independent expression
probability cannot explain observed transmitter co-expression in LNs
Two possible scenarios can explain the lack of apparent systematic association between
specific neuropeptides co-expressed by LNs. In one scenario, expression of a given neuropeptide
is independent of the expression of another and the likelihood of specific co-expression patterns is
equal to the independent probabilities of expression of each transmitter given the number of LNs
that express each transmitter. Alternatively, specific pairs of neuropeptides are co-expressed more
(or less) often than by chance, and a certain number of such relationships can explain the overall
pattern of neuropeptide co-expression. To test these scenarios, we began by using computational
modeling to test the hypothesis that co-expression could be explained independent probabilities of
expression of each transmitter alone. Given the known total number of LNs in the lateral cell
cluster (360;(Homberg et al., 1988) and the total number of LNs expressing each neuropeptide
(Fig. 1), the model calculates the probability of a neuron co-expressing two transmitters (Fig. 3A;
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see methods). The model predicts the percentage of neurons that co-express every pairwise
relationship of transmitters in our study. For example, based on the number of LNs that express
Mas-AT and the number of LNs that express FMRFamide, and the total number of LNs in the AL,
the model determines that 12% of Mas-AT neurons should co-express FMRF if the probability of
expressing the former is independent of the probability of expressing the latter. However, based
on our immunocytochemical data, we observed that 22% of Mas-AT neurons co-express FMRF
(Fig 2H). We then compared every predicted co-expression ratio from the model (which assumes
independent probabilities of expression of each transmitter for each pairwise relationship) to the
observed co-expression ratios (Fig. 2H) and determined how well the model replicates observed
co-expression (Fig. 3B). If co-expression probabilities can be replicated by a model that assumes
independent expression of each transmitter, then as a result, no organizing co-expression
dependencies will be identified.
We found that most co-expression relationships were not replicated by a model assuming
independent transmitter expression (Figure 4A; “independent expression” model). To statistically
measure how well our model replicated observed co-expression patterns we then used a standard
deviation index (SDI) for every predicted pairwise co-expression relationship vs. observed coexpression. An SDI score of 0 indicates that our simulation perfectly recapitulates observed coexpression patterns, whereas an SDI score above 1 indicates poor performance of the model. Each
predicted co-expression ratio from the model was compared to the observed co-expression ratios
and a SDI was calculated (SDI = (Meanmodel – Meanobserved) /stdevgreatest). SDI scores for every
pairwise co-expression relationship were statistically weighted (see methods), such that coexpression relationships that included a larger proportion of the total LN population carried more
weight. SDI scores revealed that while an independent-expression model could replicate some coexpression relationships (with a weighted SDI of 1.49), independent-expression alone does not
accurately replicate the observed co-expression (Fig. 4B).
A few specific co-expression constraints allow replication of overall co-expression patterns
Since the independent expression of each transmitter did not replicate the overall
probabilities of co-expression patterns, we next sought to identify which co-expression
relationship must be adjusted to replicate the overall structure of co-expression. We implemented,
in our model, rules according to which the probability of expression of a transmitter is dependent
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on the expression of another transmitter (Fig 5A), thereby explicitly setting the probability of coexpression to its observed value (Fig 2H). Therefore, the model contains a set number of coexpression relationships in the form of rules (for example, 42% of MIPergic LNs co-express MasAT as observed from our immunocytochemistry), while leaving the rest of the relationships to
emerge through probabilistically-independent expression. We tested 94 different model iterations,
each containing different combinations of ‘co-expression rules’ to determine which
combination(s) of rules best replicated overall observed co-expression (Figure 5B). This allowed
us to identify predictive co-expression relationships in an unbiased manner. As expected, the
ability of the model to replicate observed co-expression patterns improved as more rules were
added, as shown by weighted SDIs from all model iterations (Fig. 5B-D).
However, some combinations of rules outperformed others. We first constrained the total
number of cells in the model to the total number of GABAergic LNs (164 cells instead of 360 total
LNs), as presence of GABA is a reliable predictor of peptide expression observed in this study.
This constraint outperformed the independent-expression model, had a weighted SDI of 0.94 and
accurately replicated more co-expression patterns (Fig. 6A). This suggests that much of the
diversity of neuropeptide co-expression can be constrained to the sub-population of GABAergic
LNs in our study. All remaining model iterations were constrained to the total number of
GABAergic LNs (see Figure 5B, filled in symbols indicate models where total number of LNs =
164 (with stdev) GABAergic neurons). Unexpectedly, one particular model that only contained
one co-expression rule outperformed most models that were constrained by 2 and 3 rules (red
square Fig. 5B). When the proportion of MIPergic LNs expressing Mas-AT is set to its observed
value (42%), the model replicated the highest number of co-expression relationships of all models
with one rule (Fig. 6B-D), yielded the lowest weighted SDI (0.36), and outperformed the average
of models with one rule (lower 95% CI of mean: 0.6551, upper 95% CI of mean: 0.9862), two
rules (lower 95% CI of mean: 0.5450, upper 95% CI of mean: 0.7240), and even 3 rules (lower
95% CI of mean: 0.4736, upper 95% CI of mean: 0.5897). This was surprising because it suggested
that replicating observed co-expression patterns did not require all co-expression relationships to
be fixed, revealing specific proportional relationships that may be may be predictive of overall
observed co-expression patterns.
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The only set of co-expression patterns that could not be replicated reasonably well in the
model that included the GABA and the MIP/Mas-AT rules (as described above) involves TK. The
12 TK LNs (Lizbinski et al., 2016) follow a strict all-or-none neuropeptide co-expression pattern
(100% co-expression with MIP and 0% co-express with Mas-AT or FMRFamide). Consistent with
our data, TK LNs in the AL of the moth, Heliothis virescens also do not co-express FMRF or MasAT (Berg et al., 2007). This co-expression pattern cannot be replicated through independent
expression models, even when several other rules are considered (Fig 6E). These co-expression
patterns are so clear-cut that it set TK apart from other transmitters observed in this study.
GABAB and neuropeptide receptors are expressed across all principal neuron types of the
AL
It may be unnecessary to tightly regulate co-expression of neuropeptides in specific subpopulations of LNs simply because specific classes of AL neurons express different sets of
neuropeptide receptors. Thus, the heterogeneous transmitter profiles of individual LNs may not
matter functionally because the impact of individual peptides within a modulatory cocktail of many
peptides may be segregated due to neuron class-specific expression of each receptor. For instance,
if olfactory receptor neurons (ORNs) express the MIP receptor and projection neurons (PNs)
express the Mas-AT receptor, the influence of these two neuropeptides could differentially target
input and output of the network, rather target the same neuron, resulting in different consequences
on the network. However, this does not appear to be the case in this network, as we did not find
differential expression of the receptors for the peptides examined in this study between ORNs,
LNs and PNs. We first identified transcripts from the Manduca genome (Kanost et al., 2016) with
high sequence identity to neuropeptide receptors identified from reference genomes in closely
related species (Table 2). Then, using RT-qPCR, we determined the relative expression of five
neuropeptide receptors (Mas-AT, MIP, AST-A, FMRF, TK), and the GABAB receptor in mRNA
from the antennae (which house ORNs), the medial cell cluster (which houses only PNs), the
lateral cell cluster (which houses LNs and PNs) and whole brains (as a positive control). Although
the receptors for Mas-AT, MIP, AST-A, FMRF, GABAB, were detected in all four tissue types,
the TK receptor was not detected in the lateral cell cluster (Fig. 7, for raw qPCR data see Table 3).
This suggests that TKergic LNs differ from other LNs both in their co-expression patterns and
their postsynaptic targets. Although we could not assess receptor expression on a neuron-by-
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neuron basis, our results suggest that a single LN releasing neuropeptides from at least four
individual peptide families can have a powerful effect on the network, potentially affecting all
three major cell classes in the AL.
Discussion:
Broad neuronal classes are surprisingly heterogeneous across many parameters and subclasses often exhibit partially overlapping traits including transmitter co-expression. Our goal was
to determine organizing principles of LN heterogeneity. Our results suggest that neuropeptide coexpression in the AL is both heterogeneous and partially overlapping across the entire population
rather than consistent within specific sub-populations of LNs (Fig. 8).

Thus, peptidergic

modulation cannot be considered within the context of single neuropeptides as activation of any
given LN results in a dynamic cocktail of modulators that have the potential to influence every
level of olfactory processing within the AL. Specifically, we find that transmitter profile is
heterogeneous across LNs, with individual olfactory LNs capable of expressing the main inhibitory
transmitter GABA and peptides from at least four families, and few instances in which transmitters
are consistently co-expressed. Observed co-expression patterns cannot be explained by
independent probabilities of expression of each transmitter (Fig. 4). Our analyses point to three
organizing principles that once taken into consideration allow replication of overall co-expression
structure: 1- peptidergic neurons are highly likely to co-express GABA; 2- the probability of
expressing Mas-AT is dependent on MIP expression; 3- the all-or-none co-expression patterns of
TKergic neurons with several other neuropeptides (MIP, FMRF and Mas-AT). For other pairs, the
presence of one transmitter was not predictive of the presence of the other and thus co-expression
probability could be replicated by independent probabilities. The stochastic nature of these coexpression patterns argues against clear-cut, exclusive definition of subpopulations based on the
presence of single neuropeptides. Furthermore, the receptors for GABA and all neuropeptides in
this study were expressed within each population of principal neuron type in the AL (Fig. 7)
suggesting that peptides released from LNs potentially influence every level of olfactory
processing within the AL. Overall, we demonstrate that peptide expression is partially overlapping
across LNs and thus sub-populations of LNs cannot be functionally defined based on the presence
of single peptides. Furthermore, neuropeptide and GABAB receptors were expressed within each
population of principal neuron type in the AL because ORNs, the influence of peptides are not
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segregated based on cell class-specific receptor expression. Thus, co-release of peptides and
GABA likely mediate a complex mix modulation to control the dynamic range of the AL,
providing multiple mechanisms to alter olfactory processing.
Heterogeneous transmitter co-expression is a common theme within GABAergic LNs
across vertebrates and invertebrates alike (Homberg et al., 1990; Maccaferri and Lacaille, 2003;
Flames and Marin, 2005; Utz et al., 2008; Carlsson et al., 2010; DeFelipe et al., 2013; Siju et al.,
2013; Binzer et al., 2014; Gabitto et al., 2016; Yavorska and Wehr, 2016; Diesner et al., 2018b).
MALDI-TOF spectrometry revealed that at least 12 known peptides are expressed in developing
Manduca ALs (Utz et al., 2007), suggesting that co-expression patterns are likely even more
complex than detailed here. Furthermore, the antibodies used in this study recognize multiple
isoforms of peptides within the same family (i.e. FMRF has multiple isoforms), and thus there are
almost certainly more organizational principals underlying heterogeneous peptide expression than
discussed here. Other insects including mosquitos (Siju et al., 2013), other species of moths (Berg
et al., 2007; Diesner et al., 2018b), beetles (Binzer et al., 2014) and fruit flies (Carlsson et al., 2010;
Hussain et al., 2016; Croset et al., 2018), express a large number of peptides within their olfactory
systems suggesting that peptides likely play an important yet functionally underexplored role in
shaping olfactory responses. One exception to the theme of heterogeneous co-expression was that
the TK neurons differed in their patterns of co-expression from other peptidergic LNs. All TK LNs
co-expressed MIP, and none co-expressed FMRF or Mas-AT, suggesting that TK LNs are
primarily inhibitory as TK and MIP receptors are inhibitory in Drosophila (Yapici et al., 2008;
Ignell et al., 2009; Ko et al., 2015). Furthermore, TK receptor transcripts were not detected in
lateral cell cluster mRNA and thus not in LNs, although TK/MIPergic LNs could still influence
LNs via GABAB and MIP receptor. In Drosophila melanogaster, TK mediates presynaptic gain
control upon ORNs (Ignell et al., 2009), and TKr expression in Manduca ORNs is consistent with
this finding. This suggests that TK LNs may play a distinct role from other LNs in olfactory
processing which could include presynaptic gain control.
Very few non-GABAergic LNs co-express the neuropeptides we examined here, however
they are still a sizeable proportion of the total number of LNs and likely as heterogeneous as
GABAergic LNs. We did not definitively identify the transmitter released by these LNs, however
we did detect the expression of vGlut mRNA within the lateral cell cluster (Fig. 7), making
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glutamate a candidate transmitter for the non-GABAergic LNs. Similar to GABAergic LNs,
glutamatergic LNs in Drosophila are particularly diverse in their morphology (Das et al., 2011)
but appear to differ from GABAergic LNs in their synaptic targets by predominantly affecting PNs
(Liu and Wilson, 2013), while GABAergic LNs in Drosophila affect ORNs, LNs and PNs (Wilson
and Laurent, 2005; Olsen and Wilson, 2008; Root et al., 2008; Hong and Wilson, 2015). Future
studies should confirm whether the non-GABAergic population observed here are truly
glutamatergic.
The probability of expression of certain transmitters appear to be dependent on one another.
In particular, we showed that the probability of expressing Mas-AT is dependent on the expression
of MIP (Figure 6). While the goal of our study is not to determine the developmental mechanisms
that underlie co-expression, it is important to note that developmental mechanisms of peptidergic
regulation most certainly shape observed heterogeneous co-expression. For instance, the molting
hormone 20-hydroxyecdysone induces Mas-AT expression in LNs and other neuropeptides in the
AL of Manduca (Utz and Schachtner, 2005; Utz et al., 2007), implying that co-expression patterns
may reflect extrinsic developmental cues that guide the development of specific peptide expressing
LNs. Furthermore, both Mas-AT and MIP expressing LNs arise slightly before and during the
formation of glomeruli, suggesting that temporal expression patterns of these peptides may play a
role in the development of AL structure and function (Utz et al., 2007). Interestingly, the model
constraint best able to replicate observed co-expression across all LNs in our study was the
proportional relationship between MIP/Mas-AT expressing neurons.
However, the developmental mechanisms that control peptide expression in LNs of
Manduca are unknown. In Drosophila, the transcription factor DIMMED targets many genes
involved in peptide expression (Hewes et al., 2003; Gauthier and Hewes, 2006; Hewes et al., 2006;
Park et al., 2008b; Park and Taghert, 2009; Hadzic et al., 2015) and dense core vesicle production
(Hamanaka et al., 2010; Park et al., 2014). DIMMED likely acts in a combinatorial manner with
other cell-specific transcription factors to determine peptide expression in individual neurons (Liu
et al., 2016; Stratmann and Thor, 2017). Although DIMMED doesn’t target any single
neuropeptide gene (Hadzic et al., 2015) other transcription factors do regulate sub-type specific
neuropeptide expression (Allan et al., 2003; Berndt et al., 2015). While DIMMED positive neurons
co-express multiple peptides, not all peptidergic neurons express DIMMED (Park et al., 2008a;
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Diesner et al., 2018a), and the role DIMMED of in Manduca has not been established. Regardless,
a similar combinatorial transcriptional code could underlie the heterogeneity of peptide expression
observed here. Furthermore, in cortex, LN subtypes arise from unique progenitors (Anderson et
al., 1997; Wichterle et al., 2001; Nery et al., 2002; Kepecs and Fishell, 2014) and their diversity is
shaped by additional factors (Flames and Marin, 2005) including neural activity (Patz et al., 2004;
De Marco Garcia et al., 2011) transcription factor expression (Mayer et al., 2018; Sweeney et al.,
2018) and growth factors (Huang et al., 1999). Similarly, GABAergic and glutamatergic LNs in
Drosophila arise from distinct neuroblasts (Das et al., 2008; Das et al., 2011), and glomerular
innervation patterns of LNs require ORN axons during development (Chou et al., 2010),
suggesting that heterogeneity of LNs may be due in part to distinct origins and/or activity of other
neurons in the network.
Our study reveals some expression co-dependencies, but also highlights the apparent
stochastic nature of other co-expression patterns. There are several examples of biological systems
in which features like gene expression in E. coli clones (Elowitz et al., 2002; Raj and van
Oudenaarden, 2008; Huh and Paulsson, 2011), behavior (Honegger and de Bivort, 2018), or
anatomical layout (Caron et al., 2013), appear to be randomly structured or stochastic. For
example, random combinations of AL PNs from different glomeruli converge and synapse upon
individual mushroom body Kenyon cells in Drosophila regardless of anatomy, developmental
origin or odor tuning, thus abandoning the odor-topic organization of the AL (Caron et al., 2013).
Due to the stochastic heterogeneity of some transmitter co-expression patterns, our results suggest
the presence of single peptides should not be used to functionally define classes of neurons.
Additionally, this stochasticity suggests that LNs may not functionally require fixed compliments
of transmitters.
We found that a single neuropeptide has the potential to simultaneously target every
principal neuron type as all neuropeptide receptors were expressed by populations of ORNs, LNs
and PNs. This network wide convergence of peptidergic modulation demonstrates that individual
LNs do not differentially target principal neuron type based on differences in post-synaptic
receptor expression. This further supports the idea that LN activation may serve to regulate
multiple processing stages within the olfactory network by simultaneously targeting AL input,
output and local processing. However, individual neurons within each principal AL neuron type
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may exhibit differential receptor expression, as we were not able to assess receptor expression at
the level of individual neurons. Future studies should determine if neuropeptide receptor
expression is as heterogeneous as neuropeptide co-expression itself as there are likely subpopulations of neurons that exhibit differential receptor expression. This may be further
complicated as neuropeptide receptor expression can be regulated by physiological state, as
observed for the role of hunger (Ko et al., 2015; Min et al., 2016) or mating state in Drosophila
(Hussain et al., 2016). Peptide expression itself may be similarly regulated, as observed in feeding
state of Aedes aegypti (Christ et al., 2017) or mating state of Agrotis ipsilon moths (Diesner et al.,
2018b). All moths in our study were naïve and unmated, however this does not rule out the
potential for physiological state to affect peptide expression in the AL.
Activation of even a single LN can mediate a complex mix of inhibition and/or excitation
that varies in time course and strength due to the co-release of the small-transmitter GABA and a
heterogeneous mix of peptides. LNs, apart from TK LNs, co-expressed multiple peptide families
and GABA that activate both inhibitory (TK, sNPF, and sex-peptide/MIP) (Yapici et al., 2008;
Ignell et al., 2009; Asahina et al., 2014; Ko et al., 2015) and excitatory receptors (Mas-AT and
FMRF) (Horodyski et al., 2011; Lenz et al., 2015; Ormerod et al., 2015) via a mix of ionotropic
and metabotropic signaling. Furthermore, AL neurons express both the GABAa and GABAB
receptors, and the effects GABAB receptor activation are far shorter-lasting relative to
neuropeptide receptors (Salio et al., 2006). Thus, small-transmitter and peptide co-expression
expands the temporal scale with which a single neuron can alter network processing. However, it
is unclear whether LNs employ bulk and/or restricted synaptic release of peptides, making the
spatial scale of their influence unknown. Finally, the network may need to be more strongly
activated (i.e. by higher concentrations of odors or increased length of odor-stimuli) for LNs to
release neuropeptides due to the different calcium binding affinities of distinct synaptotagmins
associated with small clear vesicles and dense-core vesicles (Saraswati et al., 2007; Li et al., 2009).
Thus, the consequences of LN activation and peptidergic modulation may depend more upon the
degree of network activity rather than the identity of any singular LN that is activated. Overall,
this heterogeneous cocktail of peptides likely provides the AL with flexible options to up or down
regulate olfactory processing over a variety of time frames and spatial scales within the context of
ongoing network activity.
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Within the AL, combined GABAergic and peptide release from LNs could potentially play
a variety of functional roles including autoinhibition, lateral excitation or inhibition, disinhibition,
and even odor-specific processing. For example, lateral input from LNs scales with overall
network activity as a means to control the dynamic range of the network and avoid response
saturation of PNs (Olsen and Wilson, 2008; Root et al., 2008). Additionally, some glomeruli are
more subject to inhibition than others simply due to differences in glomerulus-specific, nonuniform LN innervation (Wilson and Laurent, 2005; Chou et al., 2010) and ORN GABAb receptor
expression (Root et al., 2008). As a result, the processing of specific odors differs in the degree of
insulation from ongoing activity in the olfactory system, and specific glomeruli are therefore more
(or less) insulated from presynaptic gain control mediated by both GABA (Root et al., 2008) and,
potentially, neuropeptides (Ignell et al., 2009; Ko et al., 2015; Hussain et al., 2016). Spatial
activation of Drosophila LNs is also odor-specific and heterogeneous, with LNs responding to
either single, or multiple odors (Ng et al., 2002). The non-uniform innervation and heterogeneous
odor-evoked responses of LNs suggests that the activation of LNs is a complex combinatorial
process resulting in glomerular specific local processing. In Manduca, most GABAergic LNs are
wide-field and heavily ramify all glomeruli, suggesting that the consequences of GABAergic LN
activation cannot be fully segregated based on odor identity. However, a small sub-set of
GABAergic and non-GABAergic LNs exhibit restricted glomerular arborizations, only
innervating a small sub-section of the AL (Reisenman et al., 2011). Consequently, activation of
morphologically restricted LNs may dis-inhibit or inhibit other LNs from neighboring glomeruli
in an odor-specific manner in order to increase or decrease odor salience by altering the output of
PNs (Hildebrand et al., 1992; Christensen et al., 1993). While no correlations between morphology
(wide-field vs. restricted), physiology, odor-response profile, and transmitter content have been
identified in Manduca LNs (Reisenman et al., 2011), it could be that wide-field vs. restricted LNs
exhibit distinct and predictable combinations of peptides. These potential network consequences
are likely applicable across insect species as LN heterogeneity is a recurring theme. Using
physiology paired with hierarchical clustering based on morphology, multiple Drosophila LN
subtypes exhibit broad correlations between morphology, physiology and genetic classes (Chou et
al., 2010). However, LNs within the “patchy” cell type exhibit highly variable innervation patterns
and considerable diversity exists even within other LN sub-types (Chou et al., 2010). Additionally,
morphologically and functionally distinct classes of LNs exist in honeybees (Schafer and Bicker,
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1986; Flanagan and Mercer, 1989; Fonta et al., 1993; Sun et al., 1993; Bornhauser and Meyer,
1997; Seidel and Bicker, 1997; Galizia and Kimmerle, 2004; Dacks et al., 2010) and cockroaches
(Malun, 1991; Distler and Boeckh, 1997; Loesel and Homberg, 1999; Husch et al., 2009a, b; Fusca
et al., 2013; Fusca et al., 2015; Neupert et al., 2018). Ultimately, determining the roles of
individual peptides will be challenging as complex patterns of co-expression must be integrated
with knowledge of functionally distinct subtypes of LNs.
Reconciling within cell-type heterogeneity represents an ongoing challenge. Similar to
LNs across taxa and brain region, Manduca LNs are highly heterogeneous across many
parameters. This heterogeneity provides multiple coding strategies and mechanisms to neurons
within the same population, expanding the role single neurons play in altering network function.
The link between heterogeneous response properties and neural coding has been studied in a wide
range of systems (Chelaru and Dragoi, 2008; Marsat and Maler, 2010; Ogawa et al., 2011; Pitkow
and Meister, 2012; Ahn et al., 2014), however, the systematic analysis of heterogeneous traits like
transmitter co-expression has not been as extensively explored. Here, we show that traits, like
transmitter co-expression are partially overlapping across the entire LN population. Ultimately,
our results demonstrate that peptidergic modulation cannot be considered within the context of
single neuropeptides as activation of any given LN results in a dynamic cocktail of modulators
that have the potential to influence every level of olfactory processing within the AL.
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CHAPTER 5
Discussion and Future Directions
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(portions of this chapter are based on my publication “Lizbinski, K. M., & Dacks, A. M. (2018).
Intrinsic and extrinsic neuromodulation of olfactory processing. Frontiers in cellular
neuroscience, 11, 424.)
My dissertation explores the anatomical, physiological and mechanistic basis by which a
sensory system integrates the influence of multiple extrinsic and intrinsic modulators. In Chapter
2, I describe a detailed map of serotonin (5-HT) and dopamine (DA) distribution with relation to
functional classes of antennal lobe (AL) neurons, providing the anatomical basis for integration
of two extrinsic modulators on olfactory processing. In Chapter 3, I demonstrate that while 5-HT
and DA simultaneously physiologically converge onto common AL neurons, they diverge by
altering different odor-evoked response features to modulate olfactory processing via distinct
mechanisms. In Chapter 4, I provide an atlas of heterogeneous transmitter co-expression in AL
local interneurons, putative neuropeptide and GABAb receptor distribution in the olfactory
system, and finally, develop an analytical tool to assess heterogeneity in any neural population.
Overall, I demonstrate that the AL integrates the influence of two extrinsic modulators within
single neurons to mediate network-wide changes in response to odors, and local interneurons
intrinsic to the olfactory circuit release a heterogeneous mix of transmitters that result in a
dynamic cocktail of modulators that have the potential to target every level of processing within
the AL.
Due to the ubiquity of neuromodulation across all neural networks, the general principles
outlined here likely apply to other systems. Specifically, there are many parallels between the
insect and vertebrate olfactory systems (Hildebrand and Shepherd, 1997; Ache and Young, 2005;
Lizbinski and Dacks, 2018), including the diverse sources of extrinsic and intrinsic modulation.
Here I will briefly detail the similarities between insect and vertebrate olfactory systems to
highlight the conserved mechanisms and roles of extrinsic and intrinsic neuromodulation across
species. I will then discuss the future directions and importance of my findings within the broad
field of neuroscience.

Serotonergic modulation of olfactory processing
Much like the widely projecting serotonergic neurons in insect olfactory systems, Raphe
neurons release 5-HT and project throughout the brain of vertebrates. The olfactory bulb is
organized into discrete layers which are innervated by different functional classes of neurons
(Shipley and Ennis 1996). This stereotyped organization allows modulatory neurons to
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differentially target different cell-types based on their projections within different layers of the
bulb. For example, the glomerular layer of the olfactory bulb which contains mostly
juxtaglomerular local interneurons, receives strong serotonergic innervation from a large number
of Median and Dorsal Raphe neurons (Pinching and Powell, 1971; McLean and Shipley, 1987;
Shipley and Ennis, 1996; Gomez et al., 2005; Steinfeld et al., 2015; Suzuki et al., 2015;
Muzerelle et al., 2016). Thus, consistent with my finding that 5-HT strongly modulates LNs in
the insect AL, 5-HT alters local processing cells to modulate lateral interactions within the
vertebrate olfactory bulb. Additionally, sub-populations of Dorsal Raphe neurons exhibit distinct
physiological effects on the network and have differing, yet parallel connectivity within the
network (Ren et al., 2018). Collectively, this demonstrates that modulatory neurons can have
differing effects on the network based on their location and the functional cell-types they target.
Raphe neurons also have a relatively heterogeneous transcriptional profile (Okaty et al., 2015)
and individual Raphe neurons can respond to either reward or punishing stimuli (Nakamura et
al., 2008; Ranade and Mainen, 2009; Bromberg-Martin et al., 2010; Miyazaki et al., 2011a;
Miyazaki et al., 2011b; Nakamura, 2013; Liu et al., 2014; Pollak Dorocic et al., 2014;
Weissbourd et al., 2014; Cohen et al., 2015; Hayashi et al., 2015; Li et al., 2016; Luo et al.,
2016), as well as display experience dependent plasticity in response properties (Zhong et al.,
2017). Furthermore, pharmacological studies have suggested that 5-HT facilitates odor
preference learning in rat pups (McLean et al., 1993; McLean et al., 1996; Langdon et al., 1997;
Price et al., 1998; Yuan et al., 2003). Thus 5-HT plays a variety of roles in olfactory learning and
modulation in vertebrates, demonstrating the difficulty of prescribing a unified role to this
important signaling molecule.
Similar to my findings that 5-HT exhibits variable effects on odor-evoked firing rate of
AL neurons, neurons in the olfactory bulb also exhibit heterogeneous serotonergic effects within
and across functional types of olfactory bulb neurons. Early studies in the rabbit olfactory bulb
showed that application of 5-HT decreased spontaneous firing rate of MCs (Bloom et al., 1964).
More recent studies in rats revealed that 5-HT can directly (via the 5-HT2a receptor) and
indirectly (via 5-HT2a receptor expression in external tufted cells) excite mitral cells, yet also
increases inhibition exerted upon mitral cells by depolarizing a subset of juxtaglomerular cells
(via 5-HT2c) (Hardy et al., 2005; Petzold et al., 2009; Liu et al., 2012; Schmidt and Strowbridge,
2014; Brunert et al., 2016; Huang et al., 2017). Stimulating Raphe input specifically to the
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olfactory bulb depolarizes a subset of output neurons called tufted cells (Kapoor et al., 2016) and
has a heterogeneous effect on mitral cell baseline activity (Brunert et al., 2016; Kapoor et al.,
2016). However, as discussed below, dual-transmission of glutamate and 5-HT by Raphe
neurons complicates these findings (Liu et al., 2014). Raphe stimulation appears to
predominantly enhance mitral cell odor-evoked responses (Brunert et al., 2016), however this
can be odor dependent (Kapoor et al., 2016). Consistent with a theme of heterogeneity, 5-HT
was recently demonstrated to excite mitral cells in the main olfactory bulb, yet inhibit mitral cells
in the accessory olfactory bulb (Huang et al., 2017). Altogether the heterogeneous effects of 5HT on functional classes of olfactory bulb neurons is likely mediated by cell-class specific
receptor expression. While there are only four 5-HT receptors in the AL of M. sexta, there are at
least ten 5-HT receptors expressed in the olfactory bulb (Appel et al., 1990; Hellendall et al.,
1993; Shen et al., 1993; Tecott et al., 1993; Watts et al., 1994; McLean et al., 1995; Wright et al.,
1995; Waeber et al., 1998; Bai et al., 2004; Lucaites et al., 2005; Petzold et al., 2009). This
expands the complexity by which a single modulator can alter olfactory process across multiple
cell types. Overall, 5-HT exhibits heterogeneous effects on the olfactory system of insects and
vertebrates, demonstrating that future studies must take receptor expression, within-cell class
diversity, and the diversity of modulatory neurons themselves, into account.

Dopaminergic modulation of olfactory processing in a broad context
Similar to serotonergic modulation, dopaminergic modulation is heterogeneous across
multiple parameters within both the olfactory system and across organisms (Vinauger et al 2018,
Dacks et al 2013). DA can be both intrinsic (Kirchhof et al., 1999; Hamanaka et al., 2016;
Tedjakumala et al., 2017), and extrinsic (Dacks et al., 2012), depending on the organism. In M.
sexta, the extrinsic dopamine neurons, the DAARs, innervate all glomeruli, however in other
insects like the mosquito, the degree to which each glomerulus was innervated by DA varied
(Vinauger et al 2018). This suggests that DA may selectively modulate certain odors more (or less)
than others. Within the AL of M. sexta, DA is associated with the context of aversive stimuli, as
DA receptor antagonists block aversive (Dacks et al., 2012), but not appetitive conditioning
(Riffell et al., 2013). In mosquitos, manipulating D1 receptors using D1 receptor antagonists, D1
receptor specific RNAi, and whole body CRISPR-Cas9 against D1, prevents olfactory learning
(Vinauger et al 2018). Specifically, for RNAi experiments, D1 receptor manipulation affected the
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mosquitoes’ ability to learn aversive information but did not affect innate olfactory behavior. This
evidence, along with behavioral work in M. sexta on the basis of DA and aversion on olfactory
learning (Dacks et al., 2012), demonstrates that DA is likely operates in the context of aversion.
Both the AL and the mushroom bodies, the center for learning and memory in insects, likely
mediate this aversion, as dopamine plays a central role in olfactory learning (Unoki et al., 2005;
Schwaerzel et al 2003; Kim et al, 2007; Schroll et al., 2006). Past studies have shown that in M.
sexta DA enhances odor-evoked responses of extracellularly recorded AL neurons (Dacks et al.,
2012, Vinauger et al., 2018), but did not affect response gain (Dacks et al., 2012), unlike 5-HT
(Dacks et al., 2008). My results are consistent with the finding that DA does not affect response
gain, however, the effects of DA were variable across cell-type, with subsets of neurons either
enhanced or inhibited by DA depending on the cell. This suggests that, like 5-HT, AL neurons
likely exhibit variable expression of DA receptors within each functional cell class.
Unlike the extrinsic source of DA in the AL of M. sexta, in the olfactory bulb, subsets of
GABA/DAergic juxtaglomerular neurons (Kosaka and Kosaka, 2016) synapse onto other local
processing neurons in the bulb, providing an intrinsic source of DA (Aungst et al., 2003;
Kiyokage et al., 2010; Liu et al., 2013). Multiple sub-sets of DAergic neurons make up this
population, thus much like AL local interneurons, DAergic neurons are highly diverse and many
co-express GABA (Kosaka and Kosaka, 2016, Aungst et al., 2003; Kiyokage et al., 2010; Liu et
al., 2013). This heterogeneous mix of juxtaglomerular neurons mediates presynaptic inhibition of
olfactory receptor neurons (ORNs) via activation of inhibitory D2 and GABAb receptors,
thereby reducing olfactory input to mitral and tufted cells. Specifically, electron microscopy and
anatomical studies in rats revealed metabotropic GABAb and D2 receptor expression on
vertebrate ORNs (Bonino et al., 1999; Koster et al., 1999) and direct physiological evidence
demonstrated that dopamine modulates the olfactory nerve synapse (Hsia et al., 1999; Berkowicz
and Trombley, 2000). My anatomical findings in Chapter 2, suggest that DA alone extends far
enough distally within glomeruli to modulate ORN synaptic input. Thus, work in vertebrates
demonstrating DA mediated presynaptic inhibition, may also hold true for M. sexta.

Intrinsic modulation of olfactory processing by local interneurons
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Heterogeneous populations of LNs, in both the insect and vertebrate olfactory system, are
the main source of intrinsic modulation, altering network processing within the context of previous
and ongoing activity. LNs perform many tasks including presynaptic gain control, divisive
normalization, lateral excitation and inhibition, regulating spike timing by promoting synchrony,
and modulating dynamic control of response range (reviewed in Martin et al., 2011 and Wilson et
al, 2013). In Chapter 4, I find that LNs of M. sexta are highly heterogeneous, releasing up to four
individual neuropeptides and GABA. Furthermore, co-expression of peptides is variable across the
entire across the entire population. In the olfactory bulb, periglomerular and external tufted cells
also appear to express a wide variety of neuropeptides, including NPY, VIP and CCK (Seroogy et
al., 1985; Gall et al., 1986). However, very little is known about how peptides influence in
olfactory processing, particularly in vertebrates. Additionally, many vertebrate cell-types are still
broadly defined based on the presence of single markers, like peptides or other neurotransmitters.
This is misleading, because traits like transmitter co-expression are often partially overlapping
over previously defined ‘distinct’ sub-sets of neurons. To avoid incorrectly sub-categorizing
neurons, and understand their full role within a network, detailed analyses of co-expression (of
multiple traits) are necessary. Below I discuss how the field should move forward to assess the
important yet understudied world of peptides.
Future directions
Anatomy
In Chapter 2, I provide the anatomical framework for the convergence of modulatory
neurons onto the functional neuron types of the AL. In summary, I find that 5-HT and DA have
the potential to simultaneously affect LNs and PNs, while DA alone likely synaptically interacts
with ORNs. While relative close association is not proof of synaptic relationships, my
anatomical work identified potential shared targets of 5-HT and DA modulation (which I
determined the physiological basis for in Chapter 3). Recent advances in connectomics have
provided a previously unmatched level of precision of the anatomy of many nervous systems,
including a whole EM data set of the Drosophila melanogaster larval olfactory system (Berck et
al., 2016) and adult D. melanogaster whole brain (Zheng et al., 2018). However, the
connectome is not enough (Bargmann, 2012) as neuromodulation drastically changes the
functional connectivity of neural circuits (Getting, 1989). While these resources are not yet
available for M. sexta, my work along with the recent advances in connectomics raise important
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future questions. Do 5-HT and DA neurons directly synapse onto LNs, PNs and ORNs or are
their potential effects mediated by polysynaptic interactions? Are there glomerular differences in
synaptic connectivity for each modulator? While both 5-HT and DA innervated all isomorphic
glomeruli, each modulator may have greater influence in certain glomeruli, as is seen for DA in
the AL of mosquitos (Vinauger et al., 2018) and for 5-HT in D. melanogaster (Coates et al.,
2017). These differences in innervation could mean that 5-HT and DA differentially modulate
certain odors more (or less) than others.
Finally, we find that 5-HT does not extend far enough distally within glomeruli into the
layer occupied by ORNs, suggesting that the CSDns do not synaptically interact with ORNs.
This is consistent with work in the D. melanogaster AL showing that the CSDns do not synapse
onto ORNs (Coates et al., 2017). However, previous studies have found that presynaptic
inhibition of ORNs is enhanced by 5-HT despite 5-HT having no direct effect on ORNs (Dacks
et al., 2009) and ORNS in D. melanogaster consistently express the 5-HT2B receptor (Sizemore
and Dacks, 2016), suggesting that 5-HT modulates ORN activity either through lateral
interactions or directly via non-synaptic sources. ORNs are continuously subjected to the
influence of circulating neuromodulators in the hemolymph (Schendzielorz et al., 2015) and the
mRNA for four of the M. sexta 5-HT receptors are expressed in the antennae, far from the axons
of CSD neurons in the AL (Dacks et al., 2006b; Dacks et al., 2013), although it is possible that 5HT release from the CSDns may act at a distance to influence ORNs in an as yet unobserved
manner. Therefore, future work should determine the contribution of both the synaptic and nonsynaptic sources of neuromodulation within the AL.
Using extracellular tetrode recordings of AL neurons, I determined that while 5-HT and
DA converge onto many of the same AL neurons, they diverge by affecting different phases of
odor-evoked responses via distinct mechanisms. I also found the effects of both 5-HT and DA
were variable within LNs and PNs, such that odor-evoked activity of some neurons from each
functional class were inhibited by the modulators, while some were enhanced. This suggests that
subsets of neurons exhibit differential 5-HT and DA receptor expression. In order to fully
understand the mechanistic basis by which modulators alter olfactory processing, future work
should identify the distribution of the 5-HT and DA receptors within LNs and PNs. Using paired
in situ to determine receptor expression and immunocytochemistry to highlight broad cell-classes
will provide a map of modulatory receptor expression across and within AL neuron types.
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Physiology
In Chapter 3, I found that 5-HT and DA likely modulate olfactory processing via distinct
mechanisms. I propose that DA likely modulates the fidelity with which PNs respond to odor
stimuli by decreasing intrinsic inhibitory phases of PNs, while 5-HT alters the sensitivity of AL
neurons by increasing response duration of PNs and altering lateral interactions of LNs. Future
work could test the effects of DA on the ability of the olfactory system to encode rapidly
fluctuating odor stimuli. While I identified a potential role for 5-HT in AL sensitivity, the role of
5-HT and DA in odor-discrimination is still an open question. Do 5-HT and DA change the AL
ability to discriminate between similar and dissimilar odors? Furthermore, my work took a
unique approach to determine the effects of modulators on individual functional classes of AL
neurons. While I was able to definitively define neurons as PNs, my experimental design does
not allow me to definitively categorize LNs based on their odor-evoked activity alone. Therefore,
future studies could assess modulatory integration on these two distinct neuron types using
intracellular recordings and then filling the cells to identify them as either PNs or LNs.
Furthermore, my analyses could be strengthened by assessing whether each modulator changes
the population response of AL neurons. For example, past studies have assessed the odor-evoked
responses of AL neuron ensembles to determine similarity of odor representations; the greater
the distance in Euclidian space, the more dissimilar the responses which strongly correlates with
behavioral discrimination (Daly et al., 2001, 2007; Dacks et al., 2008). Using principle
components analysis (PCA) and Euclidian distance, future work should determine whether
modulators change the representation of AL neurons in Euclidian space for both odor sensitivity
and discrimination experiments. My experimental design also does not allow me to distinguish
between direct and indirect modulation on AL neurons. Therefore, future work should assess this
question in an organism where cell-type specific receptor expression is known, and where lateral
synaptic input can be altered in order to make the distinction between direct and indirect
modulatory effects. Finally, I found that the integrated effects of both modulators were nonlinear on many individual AL neurons. To strengthen the idea that 5-HT and DA have non-linear
effects, the odor-evoked effects of both modulators should be assessed on the population as a
whole.
A major advantage of recording from M. sexta AL neurons is the ability to record from
many neurons at once using extracellular tetrode recordings and assess the effect of modulators
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using bath application. However, bath application of modulators is not without its downfalls.
While my work identifies the basic principles of modulatory integration and distinct mechanisms
of 5-HT and DA in olfactory processing, I was unable to assess the consequences of endogenous
release of each modulator from the extrinsic modulatory neurons within the circuit. To mimic
endogenous release of both 5-HT and DA, reuptake inhibitors for 5-HT and DA could be bath
applied to AL in concert with the odor-panel used in Chapter 3. This would allow for direct
comparison of endogenous release vs. bath application on the odor-evoked effects of 5-HT and
DA. In D. melanogaster, exogenous application of 5-HT vs endogenous release have opposite
effects, suggesting that synaptic vs. non-synaptic sources of 5-HT may differentially modulate
AL activity (Zhang and Gaudry, 2016). An ambitious experiment in M. sexta, using dual
intracellular to drive CSDn activity and extracellular recording of PNs and LNs could determine
whether endogenous activation of the CSDns exhibits different effects on odor-evoked responses
than bath application in M. sexta.
Finally, while 5-HT and DA are broadly associated with waking state and aversion
respectively, the contexts in which each modulator are released are not understood. Work in the
connectome of D. melanogaster may provide clues as to which neurons provide input to the
CSDns and DAARs. Ultimately, merging physiological, molecular, and behavioral
manipulations will be necessary to determine the full context in which each modulator is
released.
Peptidergic modulation and co-expression
In Chapter 4, I provide an atlas of heterogeneous transmitter co-expression in AL local
interneurons, a putative map of neuropeptide receptor/GABAb receptor distribution in the
olfactory system and finally develop an analytical tool to assess heterogeneity in any neural
population. Single olfactory LNs release at least four neuropeptides as well as the classical
transmitter GABA, thus activation of multiple LNs results in a dynamic cocktail of modulators
that, based on receptor expression, have the potential to alter every level of olfactory processing
within the AL. Neurotransmission and modulation by neuropeptides is an important,
understudied and challenging topic. Broadly, peptidergic modulation as a topic is in its infancy
due to a few broad challenges. 1) Neuropeptides are a diverse and abundant group of signaling
molecules whose expression is sensitive to physiological state of the animals. For example,
populations of neurons can switch the transmitters they release even after development, and
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physiological states such as hunger or mating alters the expression profiles of peptidergic
neurons across multiple species. 2) The context in which peptides are released is not well
understood. In order to release neuropeptides, neurons likely have to be driven harder and longer
due to the distinct molecular mechanism of the dense-core vesicles that peptides are packaged in.
While different forms of synaptotagmin with varying affinities for calcium have been identified
(Fukuda et al, 2004; Saraswati et al., 2007; Wen et al., 2010), the mechanism that mediates dense
core peptide vesicle release is still unknown. 3) The manner in which peptide expression is
regulated in subsets of neurons is not fully understood. While a few transcription factors
involved in broad peptide expression have been identified, more work is needed to determine
how heterogenous patterns of peptide expression arise within and across functional cell types. 4).
Receptor expression for peptides is completely understudied. Very few neuropeptide receptors
have been fully functionally characterized. In order to understand how peptides alter neural
function, a more detailed characterization of peptide receptors is in order.
Specifically, for my work, a number of questions remain concerning the physiological
mechanisms, distribution, and patterns of neuropeptide co-expression in M. sexta. Namely, what
are the physiological consequences of peptidergic modulation? Using similar experimental
design from Chapter 3, bath application of synthesized peptides could be used to determine how
peptidergic modulation alters odor coding. Perhaps a more elegant experiment (likely in D.
melanogaster) would be to drive peptidergic LNs using whole cell patch and quantify their effect
on network processing. Isolating the effects of individual peptides will be challenging due to the
heterogeneous patterns of peptide co-expression observed across cell-types and species. Because
peptides act on timescales longer than that of even slow metabotropic processing, studies must
take timescale into consideration. Current and previous work on the physiological consequences
on olfactory LN activation focus primarily on GABAergic or glutamatergic transmission. Only a
few have investigated peptidergic processing. Small transmitters like GABA and glutamate are
not the whole story, and future studies should embrace, not ignore, the complexity that
heterogeneous peptidergic modulation brings to the table.
In Chapter 4, I also identified putative neuropeptide receptors in M. sexta, and
determined their broad expression across ORNs, PNs and LNs in the olfactory system. An open
question is whether each functional class of AL neurons exhibits within cell-class diversity of
peptide receptors. Realistically, peptide receptors are likely expressed within smaller of each
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neuron type, and may be as heterogeneous as peptide co-expression itself. To explore this, adult
M. sexta could be subject to different physiological states, i.e. starvation, mating, etc, and the
expression patterns across functional cell types measured again using RT-qPCR. Additionally, in
situ hybridization could be used to assess within cell-class distribution in both control and
perturbed conditions. Finally, the information identified in Chapter 4 must be integrated with the
knowledge of distinct morphological and physiological LN types for a more complete
understanding of peptide co-expression in the olfactory system.
Conclusion
Both intrinsic and extrinsic modulation allow networks to alter the functional
connectivity of neurons based on the current state of the animal. Intrinsic neuromodulation is
exerted by neurons that are within a neural network and participate in information processing
undertaken by that network, providing the context of past or ongoing network activity. Extrinsic
neuromodulation is exerted by neurons that originate in independent networks, and provide
context about the broader physiological state of the animal. The integration of both intrinsic and
extrinsic neuromodulation thus merges both history of network activation with global context of
physiological state to adjust the broad modulatory tone of the olfactory system as a whole.
Altogether, intrinsic and extrinsic modulatory mechanisms exert a heterogeneous influence due
to complex patterns of modulatory receptor expression, cell-to-cell variability, and complex
connectivity in the olfactory system. Ultimately, in order to understand realistic network
function, the field of sensory neuroscience must understand how single neurons integrate the
influence of multiple intrinsic and extrinsic neuromodulators to mediate network-wide changes
for context-specific processing.
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